バイオ燃料生産後の有機物利用と環境に及ぼす影響 by SINGLA, Ankit
  
Organic matter utilization and environmental impacts 
after biofuel production 
 
 
 
 
 
 
February 2014 
 
 
 
 
 
 
Ankit SINGLA 
Bioresource Science 
Graduate School of Horticulture 
CHIBA UNIVERSITY 
  
千葉大学審査学位論文 
Organic matter utilization and environmental impacts 
after biofuel production 
(バイオガス生成残渣の有機物分解とその環境影響) 
 
 
Sub-title: Effects of biogas byproducts on greenhouse gases emission, 
soil microbial and chemical properties, and crop yield in paddy (Oryza 
sativa) and komatsuna (Brassica rapa) vegetation 
 
February 2014 
 
 
 
 
Ankit SINGLA 
Bioresource Science 
Graduate School of Horticulture 
CHIBA UNIVERSITY 
  
CERTIFICATE  
 This is to certify that this thesis entitled, “Organic matter 
decomposition and environmental impacts after biofuel production”, 
submitted for the degree of Doctor of Philosophy of the Chiba University, 
Matsudo, Chiba, Japan is a bonafide research work carried out by Ankit Singla 
under my supervision and that no part of this thesis has been submitted for any 
other degree. 
 The assistance and help received during the course investigation have 
been fully acknowledged.                       
 
 
 
Prof. Kazuyuki Inubushi 
Supervisor,  
Graduate School of Horticulture, 
Chiba University 
Matsudo – 2718510, Chiba, JAPAN  
  
Acknowledgement 
 I allied this present opportunity to express my deep sense of gratitude and obligation 
to my Supervisor, Prof. Kazuyuki Inubushi, Bioresource Science, Graduate School of 
Horticulture, Chiba University, Matsudo, Japan for his sustaining guidance, constant 
encouragement, sublime suggestions, constructive criticism, intellectual stimulation and 
magnanimous help during the course of investigation and preparation of manuscript s and 
thesis.  
 I also express my deep pleasure, pride and indebtedness to other elite members of my 
advisory committee, Prof. Kazunori Sakamoto, Prof. Jougen Tou, Dr. Seigo Amachi for their 
valuable suggestions and necessary pre-requisite needed for the present study. My hearty and 
fervent thanks are due to external reviewer for thesis, Dr. Osamu Ito, United Nations 
University, Tokyo, Japan for his valuable suggestions. I shall be failing in my duty if I do not 
reckon here my gratitude and appreciation for invaluable precious guidance and cooperation 
provided by Dr. Miwa Yashima. 
            Somehow, life becomes more meaningful and worth living because of some persons . 
Hirokuni Iwasa, Rosnaeni Sakata (Nino), Hironori Arai, Dr. Yuhua Kong, Shuzoh Shimada, 
Syunsuke Hanazawa, Dr. Hirohiko Nagano, Olivyn Angeles, Helena Lina Susilawati, Maasa 
Takahashi, Ryo Yoshioka, Nao Yoshioka, Akiko Yokoyama, Shinobu Hikino, Yoko Kumazaki, 
Takahiro Kasahara and all other members of laboratory are the persons who impelled and helped 
me raise my moral support in the entire course of the study. It is my pleasure to extend sincere 
thanks to Mrs. Yanagita, Mrs. Yuka Komurasaki, Dr. Suresh Kumar Dubey, Banaras Hindu 
University, Varanasi, India and Prof. Muhammad Aslam Ali, Bangladesh Agricultural 
University, Mymensingh, Bangladesh. 
  
 As a bouquet of roses, I pay my reverence with profound gratitude to Almighty: The 
omniscient, the magnificent creator of creation, with whose grace and blessing I was able to 
clear another phase of my life. I am in paucity of words to thank my mummy and papa ji 
whose magnanimous love, support, encouragement and patience enable me to achieve and 
shape me into what I am today. I feel bereft of words in expressing my hearty gratitude to my 
loving brother Atin whose accountable encouragement, help, affection and understanding 
enabled me to make this endeavor see the light of the day. I am also thankful to Chiba 
University, Japan for providing all research facilities during the course of investigation.  
 I am highly thankful and fully acknowledge “Indian Council of Agricultural 
Research” for providing me “International Fellowship” to pursue PhD at Chiba University, 
Japan. It was almost impossible to make way up to here without their financial support.  I am 
also thankful to Yamada Biomass Plant, Chiba, Japan and Dr. Masato Nakamura, National 
Agriculture and Food Research Organization for providing me materials for experiments.       
 
 
 
Dated: February, 2014       (Ankit Singla) 
Place: Matsudo 
 
  
  
List of Contents 
General abstract (Japanese).……………………………………………..................I-II 
General abstract….………………………………………………………...............III-V 
Chapter 1   General Introduction and Objectives.……………………………...1-13 
1.1         Importance of biofuels………………………………………………....1-2 
1.2         Biofuels and byproducts……………………………………………….2-5 
1.3         Global warming and GHG……………………………………………..5-6 
1.4         Soil and agriculture as GHG source………………………………......7-12 
1.5         The objectives of the study…………………………………………..12-13 
Chapter 2  CH4 production and oxidation potential of two paddy soils of Japan, 
and the effects of biogas digested slurry based biochar and digested 
liquid on CO2, CH4 and N2O production potentials of Regosol soil 
under waterlogged and aerobic incubations……………………..14-40 
2.1         Abstract……………………………………………………………...14-15 
2.2         Introduction………………………………………………………….15-16 
2.3         Materials and methods……………………………………………....16-21 
2.4         Results and discussion…………………………………………........21-40 
2.5         Conclusion……………………………………………………………....40 
Chapter 3  Effect of biochar and digested liquid on CH4 and N2O emission from 
soils vegetated with paddy………………………………………...41-51 
3.1         Abstract…………………………………………………………………41 
3.2         Introduction……………………………………………………………..42 
3.3         Materials and methods………………………………………………42-45 
3.4         Results and discussion………………………………………………45-51 
3.5         Conclusion………………………………………………………………51 
Chapter 4  N2O flux from Komatsuna (Brassica rapa) vegetated soil: A         
comparison between biogas digested liquid and chemical 
fertilizer…………………………………………………………….52-63 
4.1         Abstract…………………………………………………………………52 
4.2         Introduction………………………………………………………….52-53 
4.3         Materials and methods………………………………………………53-55 
4.4         Results and discussion………………………………………………56-63 
4.5         Conclusion………………………………………………………………63 
  
Chapter 5   Effect of digested liquid and varying concentrations of biochar on  
CH4 flux, methanogenic archaeal diversity, soil microbial biomass 
and chemical properties in paddy microcosm…………………...64-87 
5.1         Abstract……………………………………………………………...64-65 
5.2         Introduction………………………………………………………….65-66 
5.3         Materials and methods………………………………………………66-70 
5.4         Results and discussion………………………………………………71-86 
5.5         Conclusion………………………………………………………………87 
Chapter 6   Effect of digested liquid and varying concentrations of biochar on 
N2O flux, soil chemical properties and crop yield in komatsuna 
microcosm under three consecutive croppings…………………88-103 
6.1         Abstract……………………………………………………………...88-89 
6.2         Introduction……………………………………………………………..89 
6.3         Materials and methods………………………………………………89-92 
6.4         Results and discussion……………………………………………..92-103 
6.5         Conclusion……………………………………………………………..103 
Chapter 7   General discussion and conclusion……………………………..104-117 
7.1         General discussion……………………………………………….104-113 
7.2         Conclusions………………………………………………………113-117 
Appendix………………………………………………………………………...118-119 
References……………………………………………………………………….120-131 
  
  
 
List of Tables 
 
Table 
No. 
 
Description 
 
Page 
No. 
1.1 Heavy metal contents of digested slurry prepared from cow 
manure and plant residues in Yamada Biomass Plant 
4 
1.2 Atmospheric concentrations and lifetime, radiative forcing, 
contribution and major sources of CO2, CH4 and N2O 
6 
2.1 The physico-chemical properties of Andosol and Regosol soils 16 
2.2a Chemical properties of biochar and digested liquid 17 
2.2b Micronutrients in digested liquid 18 
2.3 Statistical correlation and level of significance of various soil 
parameters for CH4 production in Andosol and Regosol under 
waterlogged incubation 
23 
2.4 Statistical correlation and level of significance of various soil 
parameters for CO2 production in Andosol and Regosol under 
waterlogged incubation 
23 
2.5 The cumulative gases production and GWP in various treated 
Regosol soil in 62 days of submerged incubation 
31 
2.6 Changes in mineral-N of various treated Regosol soil incubated 
under submerged condition 
33 
2.7 Cumulative gases production and GWP of various treated 
Regosol soil in 63 days of aerobic incubation 
39 
  
3.1 The cumulative emission and GWP of methane (CH4) and N2O 
(nitrous oxide) in rice pots under different treatments 
49 
3.2 Plant biomass per rice pot from different treatments at harvest 
time 
50 
4.1 Variations in different parameters due to the application of the 
digested liquid and the chemical fertilizer 
62-63 
5.1 Variations in different parameters due to the application of 
various treatments in paddy vegetated soils 
86 
6.1 The cumulative N2O evolution under different treatments in 
komatsuna planted containers 
94 
6.2 The cumulative CO2 evolution under different treatments in 
komatsuna planted containers 
97 
6.3 Total global warming potential of cumulative N2O evolution and 
cumulative CO2 evolution under different treatments in 
komatsuna planted containers 
98 
6.4 The plant biomass and crop yield due to the application of 
various treatments in komatsuna vegetated soils 
102 
7.1 Effects of digested liquid and biochar application on various 
parameters under laboratory incubation, paddy and 
komatsuna vegetation 
117 
 
  
  
List of Figures 
 
Figure 
No. 
 
Description 
 
Page 
No. 
1.1 The expected increase in biofuels production with GHG savings 
compared to fossil fuels by the year 2022 
2 
1.2 Flowchart to prepare digested liquid and biochar from biogas 
digested slurry 
5 
1.3 The contribution of GHG towards global warming between the 
years 1970 to 2004 
7 
1.4 Reduction and oxidation sequence in the paddy soil 9 
1.5 CH4 production and oxidation in the paddy field soil 10 
1.6 Global N cycle and N2O production 11 
2.1 CH4 production pattern in Andosol and Regosol soil under 30 
days of waterlogged incubation 
22 
2.2 CO2 production pattern in Andosol and Regosol soil under 30 
days of waterlogged incubation 
22 
2.3 DGGE fingerprinting profiles of methanogenic archaeal 
communities belonging to two paddy soils of Japan 
25 
2.4 CH4 oxidation pattern in Andosol and Regosol soil under 24 
days of aerobic incubation 
26 
2.5 CO2 production pattern in Andosol and Regosol soil under 24 
days of aerobic incubation 
26 
2.6 CO2 production potential pattern in various treatments of 
Regosol soil incubated under submerged condition 
27 
2.7 CH4 production potential pattern in various treatments of 
Regosol soil incubated under submerged condition 
28 
2.8 N2O production potential pattern in various treatments of 
Regosol soil incubated under submerged condition 
30 
2.9 N2O production potential pattern of various treated Regosol soil 
incubated under aerobic condition 
34 
  
2.10 CO2 production potential pattern of various treated Regosol soil 
incubated under aerobic condition 
36 
2.11 CH4 production potential pattern of various treated Regosol soil 
incubated under aerobic condition 
38 
3.1 Methane (CH4) emission (mean + SD, n=3) from different 
treated rice pots 
46 
3.2 Nitrous oxide (N2O) emission (mean + SD, n=3) from different 
treated rice pots 
48 
4.1 N2O flux from the applied N and planting treatments for two 
consecutive croppings of komatsuna 
57 
4.2 Soil temperature and soil pF throughout the entire experiment 58 
5.1 The pattern of variation in CH4 flux (mean + SD, n=3) across 
the different treatments in paddy vegetated soils 
71 
5.2 The soil Eh (mv) across the different treatments throughout the 
entire experiment in paddy vegetated soils 
72 
5.3 Variations in the soil NH4+-N contents (mean + SD, n=3) across 
the different treatments 
73 
5.4 Variations in the soil NO3--N contents (mean + SD, n=3) across 
the different treatments 
73 
5.5 Changes in the soil SOC contents (mean + SD, n=3) across the 
different treatments 
77 
5.6 Changes in the soil MBC contents (mean + SD, n=3) across the 
different treatments 
77 
5.7 Changes in the soil STN contents (mean + SD, n=3) across the 
different treatments 
78 
5.8 Changes in the soil MBN contents (mean + SD, n=3) across the 
different treatments 
78 
5.9 DNA extracted from sand-dune Regosol with the FastDNATM 
SPIN Kit for Soil 
81 
5.10 PCR amplification of extracted DNA for 16S rRNA gene of 
methanogenic archaea using specific primer pairs 1106 F-GC 
and 1378 R 
81 
  
5.11 DGGE fingerprinting profiles of methanogenic archaeal 
communities belonging to six treatments in paddy soil. Sample 
designations are given on top of each DGGE lane. The bands 
excised for sequence analysis is numbered 1 to 27 
82 
5.12 Phylogenetic relationship of the representative methanogenic 
16S rRNA gene sequence of eluted bands retrieved from DGGE 
using 1106F with GC clamp and 1378R primer pairs for the soil 
DNA in different rice planted container with different 
treatments. The scale bars represent an estimated of 5% 
sequence divergence. GenBank accession numbers for each 
sequenced clone are indicated in parentheses 
84 
6.1 The pattern of variation in N2O flux (mean + SD, n=3) across 
the different treatments in komatsuna vegetated soils 
93 
6.2 Soil temperature throughout the entire experiment in 
komatsuna vegetated soils 
94 
6.3 The pattern of variation in CO2 flux (mean + SD, n=3) across 
the different treatments in komatsuna vegetated soils 
96 
6.4 Changes in the soil NH4+-N contents (mean + SD, n=3) across 
the different treatments in komatsuna vegetation 
99 
6.5 Changes in the soil NO3--N contents (mean + SD, n=3) across 
the different treatments in komatsuna vegetation 
99 
6.6 Changes in the soil SOC contents (mean + SD, n=3) across the 
different treatments in komatsuna vegetation 
100 
7.1 The overall conclusion from biogas and byproducts formation 116 
 
 
I 
 
 
General Abstract (Japanese) 
 本論文はバイオ燃料生成残渣物（バイオ炭と発酵残渣液）を施用した砂
質土壌からの温室効果ガスフラックスや土壌微生物相および活性に及ぼす影響
について研究したものである。まず湛水培養試験でバイオ炭の施用がメタンと
二酸化炭素生成を増加させるが発酵残渣液では両ガスとも減少させることを見
出した。次いで好気培養実験では、バイオ炭はメタン生成には影響せず二酸化
炭素生成を増加させた。一酸化二窒素生成は、発酵残渣液施用で両培養条件と
もに増加したが、バイオ炭施用では好気培養時のみ増加した。 
 続いて水稲とコマツナを用いた連作試験を行ない生産性と環境影響を評
価した。まず水稲試験では、発酵残渣液の元肥施用ではメタン放出と植物バイ
オマスが増加したが、分施で共に増加させないことが見出された。バイオ炭の
施用量を 3段階（18, 36, 72 g C m-2）に変化させたところ、バイオ炭少施用量で
はメタン放出と植物バイオマスは化学肥料と同程度であったのに対して、中・
多量ではメタン放出と植物バイオマスが化学肥料より増大した。単位収量当た
りのメタン放出総量はバイオ炭多量施用で有意に増加したが、他の施用量では
有意差は無かった。土壌中のアンモニア態窒素量はバイオ炭施用では化学肥料
と同程度であったのに対して、発酵残渣液施用では減少した。またバイオ炭施
用は土壌中の可溶性炭素量と微生物バイオマス炭素量を有意に増加させたが、
メタン生成古細菌相には変化が無かった。 
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 次いでコマツナ栽培への影響では、発酵残渣液は化学肥料と比較して一
酸化二窒素放出総量に変化を及ぼさず、収量や土壌中の可溶性炭素量は増加し
た。発酵残渣液施用は二酸化炭素放出量で化学肥料と差はなかったが、バイオ
炭は二酸化炭素放出量・可溶性土壌炭素量を有意に増加させることを明らかに
した。バイオ炭は土壌中のアンモニア態窒素量を減少させ、硝酸態窒素を増加
させ、圃場条件では透水による溶脱の危険性が増すことを示した。 
 以上より発酵残渣液は水稲栽培では窒素損失を防ぐ管理が必要であるが、
コマツナ栽培では良い選択肢になり得る。バイオ炭施用は水稲・コマツナ共に
環境に優しい選択肢となりうることを明らかにした。 
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General Abstract 
The increase in biofuel production has simultaneously increased the amount of 
byproducts, i.e., digested slurry that inevitably remains after biogas production. This 
digested slurry contains various nutrients and thus can be an effective organic fertilizer 
in crop production. However, the application of biogas residue as fertilizers within 
agriculture has not been as extensively evaluated as other types of organic waste, 
emphasizing the urgent need for further studies within this field to obtain products with 
positive implications for the global environment. 
The effects of biogas byproducts (biochar and digested liquid) were studied in 
Regosol soil under waterlogged and aerobic incubation. Additionally, the production 
and consumption potential of methane (CH4) in Andosol and Regosol soil was also 
compared. Both the soil showed different production and consumption potential for CH4 
and it was found to be correlated with soil’s chemical properties. Andosol produced 
more CH4 under waterlogged incubation, as well as quickly consumed known amount 
of CH4 under aerobic incubation. Denaturing Gradient Gel Electrophoresis (DGGE) 
also showed differences in methanogenic archaeal banding pattern for both soils. In 
Regosol soil under the influence of biogas byproducts, biochar treated soil produced the 
highest CH4 and carbon dioxide (CO2). Digested liquid (DL) treated soil produced the 
lowest concentration of both gases. The DL treated soil produced the highest nitrous 
oxide (N2O); whereas the difference was not significantly different for the control and 
biochar treated soil. As similar to waterlogged incubation, DL treated soil also produced 
the highest concentration of N2O under aerobic incubation. Also, biochar treated soil 
produced the higher CO2 than the untreated soils under aerobic incubation. As opposite 
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to waterlogged incubation, the application of biochar didn’t affect CH4 production under 
aerobic incubation. The cumulative production and global warming potential of N2O 
was negligible in each soil under waterlogged incubation; while it was negligible for 
CH4 under aerobic incubation.  
In paddy vegetation, DL as single application increased CH4 emission and plant 
biomass; while its application as split doses decreased both CH4 emission and plant 
biomass. Biochar application at low level (BL; 18 g C m
-2
) had cumulative CH4 and 
plant biomass equal to chemical fertilizer (CF). Biochar at medium level (BM; 36 g C 
m
-2
) and high level (BH; 72 g C m
-2
) significantly increased CH4 flux and plant biomass. 
The cumulative CH4 evolution per unit yield was increased significantly in BH 
application; otherwise it was not significantly different in other treatments. The NH4
+
-N 
content of the soil decreased in DL application; while biochar application had equal 
NH4
+
-N content compared to CF application. Biochar application significantly increased 
soluble organic carbon (SOC), permanganate oxidizable carbon (POXC) and microbial 
biomass carbon (MBC) content of the soils. The soluble total nitrogen (STN) was 
decreased in DL treatment; while the application of biochar had no significant 
difference with CF treatment. DGGE revealed all methanogenic groups with dominance 
of Methanosaetaceae and Methanocellales groups, whereas no difference was found in 
methanogenic archaeal diversity among any treatment or the control soil. 
In komatsuna vegetation, DL application released equal cumulative N2O without 
affecting N2O emission factor and the soil mineral-N contents compared to CF 
application. The SOC contents of soils were increased by DL application compared to 
CF application. The application of DL or CF also emitted the equal cumulative CO2; 
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while the addition of biochar increased their emission significantly along with SOC 
content of soils. The N2O flux was found to be dependent on fertilizer application; while 
CO2 flux was found to be more dependent on the soil moisture and temperature rather 
than the timing of fertilizer application. The contribution towards global warming was 
more from CO2 rather than N2O in each treatment. The application of biochar might 
have enhanced nitrification rate which was favoured by decreased NH4
+
-N content and 
increased NO3
-
-N content of the soils. The overall crop yield was found to be 
significantly increased in DL and BL treatment compared to other treatments; while BM 
and BH were comparable to CF treatment. 
 From the above research, it could be concluded that biogas digested liquid 
could be an alternate to chemical fertilizer by providing proper fertilizer management to 
prevent N loss in paddy vegetation while it could be good option for komatsuna 
vegetation. By considering positive and negative impacts of amendments, biochar at 
medium level (C content of biochar to N content of fertilizer, C: N ratio, 3.0) was found 
to be suitable to increase crop yield and to maintain the soil health. 
  
1 
Chapter 1 
General Introduction and Objectives 
1.1 Importance of biofuels  
 The continuous depletion of fossil fuel reserves, consequent escalation in their 
prices and growing environmental concerns have triggered a renewed interest in the 
exploration of alternate substrates as a source for renewable fuel production. Bioethanol, 
biodiesel and biogas are one of the best available options to meet the extra energy 
demand in the world. Bioenergy production from biomass (including agricultural 
residues, forest residues, lignocellulosic materials and animal waste) does not compete 
with food crops (Pejo et al. 2009; Singla et al. 2011, 2012). As the biomass grows, it 
consumes as much carbon dioxide (CO2) as it forms during the combustion, which 
makes the net contribution to the greenhouse effect zero. The use of biomass to produce 
energy is only one form of renewable energy that can be utilised to reduce the impact of 
energy production and use on the global environment. Moreover, the application of 
biofuels as an alternative fuel may also moderate the use of fossil fuels and mitigate the 
release of greenhouse gases (GHG) (Clemens et al. 2006; Fig. 1.1).  
 Japan is one of the rich countries in biomass resources owing to a calm climate 
and plenty of rainfall. Anaerobic waste treatment leads to the generation of renewable 
energy in the form of biogas [methane (CH4) and CO2] and indirect decrease in CH4 
emissions from landfill areas through alternative recycling of residual products that 
were formerly landfilled or incinerated (Börjesson et al. 2009). Great attention has been 
paid to anaerobic digestion of animal wastes in many countries, including India, Japan, 
China and European countries (Alburquerque et al. 2011). There are more than 42 
millions biogas plants in China and about 4.4 millions in India (GACC 2012). The 
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number of biogas plant in Hokkaido, the largest area of animal husbandry in Japan, was 
20 in 2002 (Tsutaya 2003) and it increased to more than 50 in 2009 (Hokkaido News 
Press 2010). The largest waste biomass for biogas production in Japan is livestock waste, 
which is generated approximately 89x10
6
 tons annually.  
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 The expected increase in biofuels production with GHG savings compared to 
fossil fuels by the year 2022 (Searchinger et al. 2008) 
1.2 Biofuels and byproducts 
 Biofuel production is associated with a large amount of biofuel processing 
byproducts (Alotaibi and Schoenau 2011, 2013) which is expected to increase further 
with the increase in biofuel production. These byproducts include wet distillers grain 
and thin stillage from ethanol production and glycerol from biodiesel (Bonnardeaux 
2007). A bushel of corn processed for ethanol production generates approximately 10.6 
L of ethanol and more than 17 pounds of distillers grains. One ton of biodiesel produced 
is associated with 100 kg of glycerol production. A problem also with the treatment of 
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methane fermentation (biogas production) is that digested slurry after methane 
fermentation, remains as a waste product. This digested slurry is either discharged to 
rivers after treatment by wastewater treatment processes or used as a liquid fertilizer in 
upland or paddy fields. Wastewater treatment is expensive because large amounts of 
chemicals are needed, large amounts of energy are required for operating the treatment 
facilities, and GHGs are emitted with energy consumption. Alternatively, these 
byproducts could be used as fertilizers. These byproducts are somewhat similar to other 
organic amendments since they contain essential plant nutrients (Sasada et al. 2011). 
Some studies have investigated the effect of such traditional amendments on nutrient 
availability (Schoenau and Davis 2006) and soil enzymatic activity (Fernandez et al. 
2009). These can recycle the macro elements like N, P, K and C in a recalcitrant form. 
Alotaibi and Schoenau (2011) found that the addition of a range of biofuel byproducts 
had a significant impact on soil microbial biomass content and enzyme activity, with 
most amendments enhancing soil biological activity. The use of these byproducts as soil 
amendments might also reduce the use of chemical fertilizers that would minimize 
problems linked to the soil quality (Mishra et al. 2009). Moreover, the use of such 
byproducts may reduce the GHG emission because of a decreased need for inorganic 
fertilizers (Arthurson 2009).   
 Yamada Biomass Plant in Chiba, Japan use 4 tons day
-1
 of cattle wastes mainly 
cow manure and 0.6 ton day
-1
 of food processing residues to produce 0.1 ton day
-1
 of 
biogas. This process also generates 3.8 tons day
-1
 of digested slurry (Nakamura et al. 
2014). The heavy metal content of this digested slurry is under the regulatory limit for 
each metal which makes it an environmentally safer option for risk of heavy metal 
contamination in the soil or crops (Table 1.1). Thus, this digested slurry could be 
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converted into digested liquid and biochar after separating the solid and liquid portions 
as shown in Fig. 1.2. It can also make easy handling for digested slurry to be used as a 
fertilizer. Biochar is prepared from half-dried solid portion which usually has water 
content of 45%. Overheated steam is provided for carbonization of this solid portion. 
Carbonization and pyrolysis is done at 330℃ for about 6-7 mins. which is followed by 
an output process temperature at 370℃ for 4 mins. The distillation of liquid portion is 
done to get digested liquid. Usually, 250L of dehydrated filtrate liquid is filled into 
distillation machine. The distillation process is stopped after getting out of 228L 
distilled water. So, 22L of digested liquid is formed from 250L of dehydrated filtrate 
liquid. The water content in digested liquid is still around 0.842 L L
-1
.         
Table 1.1 Heavy metal contents of digested slurry prepared from cow manure and plant 
residues in Yamada Biomass Plant  
Heavy metal Concentration in digested slurry  
(mg kg
-1
 dw) 
Regulatory limit  
(mg kg
-1
 dw) 
Cd 0.4 5 
Hg <0.1 2 
As 0.5 50 
Cr 3.7 500 
Ni 4.1 300 
Pb 3.5 100 
Cu 81 600 
Zn 330 1800 
dw: dry weight  
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Fig. 1.2 Flowchart to prepare digested liquid and biochar from biogas digested slurry 
 However, it is necessary to understand the effects of such byproducts (biochar 
and digested liquid) on GHG emissions and environmental impacts, soil microbial and 
chemical properties and plant biomass before promoting as fertilizers in the fields. 
1.3 Global warming and GHG 
 The global temperatures have increased 0.8℃ over the past century and are 
predicted to increase another 1.1 to 6.4 degrees over the next century (Peters et al. 2013). 
There is a growing consensus that the warming is at least a consequence of increasing 
anthropogenic GHG. GHG cause a global climate forcing, i.e., an imposed perturbation 
of the earth’s energy balance with space. There are many competing natural and 
anthropogenic climate forcing, but increasing GHG are estimated to be the largest 
forcing and to result into a net positive forcing, especially during the past few decades 
(IPCC 2007). It is generally said that human activities result in emissions of four 
principal GHG: CO2, CH4, nitrous oxide (N2O) and halocarbons (a group of gases 
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containing fluorine, chlorine and bromine). A Significant increase has occurred in all of 
these gases since the industrial era (Table 1.2). It is estimated that global GHG emission 
has increased by 70% between the years 1970 to 2004 (IPCC 2007). Apart from water 
vapours, CO2, CH4 and N2O are contributing 60, 20 and 6% towards global warming, 
respectively (IPCC 2007). 
Table 1.2 Atmospheric concentrations and lifetime, radiative forcing, contribution and 
major sources of CO2, CH4 and N2O 
 Carbon dioxide 
(CO2) 
Methane (CH4) Nitrous oxide 
(N2O) 
Pre-industrial (1750) 
Amount by volume 
280 ppm 715 ppb 270 ppb 
Current (2005) 
Amount by volume 
379 ppm 1,774 ppb 319 ppb 
Radiative Forcing 
(W/m
2
, 2005) 
1.66 0.48 0.16 
Contribution (%) 
towards global 
warming 
60 20 06 
Atmospheric lifetime 
(years) 
5-200 12 114 
Major sources Energy use,  
Industry 
Natural gas, 
Landfill, Wetland, 
Paddy fields  
Industry, 
Fertilizers 
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1.4 Soil and agriculture as GHG source 
1.4.1 CO2 
 CO2 is the most important anthropogenic GHG (Fig. 1.3), corresponding to 
around 60% of the enhanced greenhouse effect and its concentration has increased from 
the pre-industrial level of 280 ppm to 379 ppm in 2005 (IPCC 2007). Major sources for 
increased CO2 are believed to be from fossil fuel use in transportation, building heating 
and cooling, and the manufacture of cement and other goods. Deforestation releases 
CO2 and also reduces its uptake by plants. CO2 is also released in natural processes such 
as the decay of plant matter (IPCC 2007). CO2 emissions resulting from the soil 
respiration and vegetation are the principal sources from which this gas enters into the 
atmosphere and these are expected to be 10-15 times higher than emissions of CO2 from 
fossil fuels (Raich and Schlesinger 1992). 
 
  
  
  
 Fig. 1.3 The contribution 
 of GHG towards global 
 warming between the 
 years 1970 to 2004 (IPCC     
                                               2007) 
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1.4.2 CH4 
 Global warming potential of CH4 is 25 times higher than that of CO2 (IPCC 
2007). CH4 has increased as a result of human activities related to agriculture, natural 
gas distribution and landfills. CH4 is also released from natural processes, for example, 
in wetlands (Table 1.2). CH4 is formed in soils by the microbial breakdown of organic 
compounds under anaerobic conditions and at a very low redox potential (Eh) (Fig. 1.4). 
Such low redox conditions usually require prolonged waterlogged conditions which 
easily happen in natural wetlands and flooded rice fields, as well as in lake sediments.  
 Rice is considered as one of the most important anthropogenic sources that 
accounts for 10-15% of the global CH4 emission to the atmosphere (Neue and Roger 
1993). The global average CH4 emission from rice cultivation is approximately 60 Tg 
CH4 yr
-1 
(Husin et al. 1995), which may increase further due to the expansion of rice 
cultivation for the expanding world population. Among the rice growing countries in the 
world, India has the largest cultivated area with a variety of soil types and climatic 
conditions (about 45 million ha.), and ranks next to China in rice production (USDA 
FAS 2009). In Japan, however, annual rice consumption per capita has been decreasing 
from 118 kg in 1962 to 59 kg in 2008. In contrast, the consumption of livestock 
production has been increasing from 9.2 to 28.5 kg for meat and from 37.5 to 91.8 kg 
for milk and dairy products during 1965 to 2008 (MAFF 2009). Whole crop rice, which 
can produce high biomass and is used as feed for livestock, is being encouraged to grow 
in Japan to meet 50% of feed self-sufficiency rate in 2020 targeted by MAFF. Overall 
production of rice for feed is increasing from 8,000 tons in 2008 to 183,000 tons in 2011 
(MAFF 2012).  
 Several factors that affect methane production from paddy field soils are: 
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temperature (Chin and Conrad 1995), soil type (Wachinger et al. 2000), rice variety (Jia 
et al. 2006), fertilizer application (Liou et al. 2003), and drainage (Ma et al. 2011) etc. 
 
 
 
 
 
 
 
 
 
Fig. 1.4 Reduction and oxidation sequence in the paddy soil 
 The magnitude of CH4 emission from rice fields reflects the balance between 
methanogenesis and methanotrophy (Mer and Roger 2001). The production of CH4 is 
the final process in the anoxic microbial degradation pathway in paddy field soil; while, 
methane oxidation occurs at the anaerobic-aerobic interface with available oxygen and 
CH4 concentration. The amount of CH4 actually emitted depends on both the production 
and oxidation of CH4 (Mer and Roger 2001). The two major pathways of CH4 
production (Fig. 1.5) in most environments are: a) acetoclastic, in which organic matter 
breaks down to evolve CH4 and CO2, and b) CO2 reduction by H2 in which CO2 is 
utilized for CH4 production (Mer and Roger 2001). In rice field soils, H2 + 
CO2-dependent methanogenesis contributes to about 25-30% of the total CH4 
production (Conrad and Klose 1999), and it is mainly driven by the decay of the organic 
matter and root material (Lee et al. 2012), whereas acetate decarboxylation is the 
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dominating mechanism responsible for CH4 production. 
 
 
 
 
 
 
 
 
 
 
 
 
http://www.ibp.ethz.ch/research/environmentalmicrobiology/research/Wetlands 
Fig. 1.5 CH4 production and oxidation in the paddy field soil 
1.4.3 N2O 
 The longevity of N2O and the abundance of this GHG in the atmosphere relates 
directly to the anthropogenic modification of the global N cycle (Table 1.2). Although 
its atmospheric concentration is much lower than that of CO2 yet it has almost 298 times 
higher global warming potential than CO2 (IPCC 2007), also leading to the depletion of 
the stratospheric ozone layer (Ravishankara et al. 2009). N2O is mainly emitted by the 
human activities such as the use of fertilizers and fossil fuel burning. Natural processes 
in the soils and the oceans also release N2O. N2O is produced in the soil mainly by two 
contrasting microbial processes: a) nitrification of ammonium-N (NH4
+
-N) to nitrate-N 
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(NO3
–
-N) through nitrite-N (NO2
-
-N), and b) denitrification of NO3
–
-N to N2O and 
ultimately to N2 (Fig. 1.6). Generally, nitrification is more active under aerobic soil 
conditions while denitrification is dominant under anaerobic conditions (Inubushi et al. 
1996, 1999). The rate of N2O production generally increases with temperature and with 
the rate of N cycling through an ecosystem, although this can vary tremendously since 
the availability of N, oxygen, and organic C affect microbial activity (Davidson et al. 
2000). Globally, the concentration of atmospheric N2O has increased rapidly over the 
past 150 years, in direct association with N enrichment of the biosphere through the use 
of synthetic fertilizers and manure production by livestock (Davidson 2009).  
 
 
 
 
 
 
 
 
 
 
 
 
 
http://www.biofortified.org/wp-content/uploads//2011/11/nitrogencycle.jpg 
Fig. 1.6 Global N cycle and N2O production 
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 Agricultural soil is a major source of N2O (Hayakawa et al. 2009). Komatsuna 
is one of the popular leafy vegetables grown in Japan and it requires the application of 
large amounts of N-fertilizers within a short period (Ebid et al. 2008). Currently, 95 
cultivars of komatsuna are registered in Japan according to the Japan Seed Trade 
Association (Mar et al. 2012). Usually most plants can use less than half of the applied 
N-fertilizer, and the residual N can be leached into groundwater as NO3
-
, evolved as 
N2O or volatized as ammonia (NH3). There are reports of increase in N2O emission just 
after the application of N-fertilizers because the nitrification process is active after 
NH4
+
-N application to the agricultural soils (Amkha et al. 2009).  
1.5 The objectives of the study 
 Biofuels byproducts management in the environment friendly manner is highly 
required which will be helpful not only to reduce the overall cost of biofuel production 
but also to avoid the negative impacts of their byproducts on the global environment. 
The use of byproducts as a fertilizer is one of the feasible options as these are rich in 
various nutrients for plant production. It could also be helpful to indirectly reduce GHG 
emission by decreasing the requirement for chemical fertilizers. The effects of 
byproducts on GHG emission, soil microbial and chemical properties, and plant 
biomass need to be checked before recommending these byproducts as a fertilizer for 
field application. It has already been demonstrated that the contribution of N2O towards 
global warming is less significant compared to CH4 in rice fields due to waterlogged 
conditions (Cai et al. 1997; Huang et al. 2009). Moreover, global warming contribution 
from N2O emission becomes negligible especially when rice is kept under continuous 
waterlogged conditions (Cai et al. 1997). Therefore, selection of crops like komatsuna 
which are grown under aerobic soil conditions (Ebid et al. 2008; Amkha et al. 2009) 
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could be helpful to clearly understand the effect of byproducts on N2O emission and 
study with rice will be helpful for understanding their effects on CH4 emission. It will 
also be helpful to maintain the crop rotation under field conditions. 
 The present study was conducted to investigate GHG production, soil microbial 
and chemical properties, and plant biomass in rice and komatsuna ecosystem under the 
influence of biogas byproducts (digested liquid and biochar) with following objectives: 
1. To study CH4 production and oxidation potential pattern in two Paddy soils of Japan, 
and to investigate the effects of biogas digested slurry based biochar and digested 
liquid on GHG production and soil chemical properties in Sand-dune Regosol under 
laboratory incubation experiments.  
2. To find out the effects of biogas byproducts on CH4 flux, soil microbial and 
chemical properties, methanogenic community and plant biomass in rice ecosystem. 
3. To investigate the effects of same organic materials on N2O and CO2 flux, soil 
chemical properties and crop yield in komatsuna planted containers under 
continuous croppings. 
4. To compare the overall effects of biogas byproducts to chemical fertilizers in both 
selected crops under pothouse conditions. 
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Chapter 2 
CH4 production and oxidation potential of two paddy soils of Japan, 
and the effects of biogas digested slurry based biochar and digested 
liquid on CO2, CH4 and N2O production potentials of Regosol soil 
under waterlogged and aerobic incubations 
2.1 Abstract 
 The production/consumption of greenhouse gases in soils are of great 
importance in global warming which are directly affected by soil’s physico-chemical 
and biological characteristics as well as by fertilizer management and irrigation 
practices. Two paddy soils (Andosol and Regosol) of Japan were investigated for 
methane production and consumption potential under laboratory incubation. Andosol 
produced significantly higher concentration of methane under waterlogged conditions. It 
also consumed methane faster than Regosol under aerobic incubation. The methane 
production was found to be significantly correlated with soil’s physico-chemical 
properties. Denaturing Gradient Gel Electrophoresis also showed differences in 
methanogenic arhaeal banding pattern in both soils.  
 The effects of biogas byproducts were also investigated in Regosol soil under 
laboratory incubation. The increase in the biofuel production has generated a lot of 
byproducts. These are rich in various nutrients for plant production. The laboratory 
incubation can provide an idea of their effects on the soil and environment, and fertilizer 
applicability before field application. Keeping this point in view, two types of biogas 
byproducts were selected as biochar and digested liquid. Two concentrations of each 
was applied to Regosol soil, and incubated under the submerged as well as aerobic 
conditions. Biochar treated soil produced the highest methane and carbon dioxide than 
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the untreated soil under waterlogged incubation which was probably due to high C 
content. Digested liquid treated soil produced the lowest concentration of both gases 
even lower than the control soil. It may be because of toxic effects of ammonium-N on 
methanogens or also due to low C/N ratio of digested liquid itself. Digested liquid 
treated soil produced the highest nitrous oxide; whereas difference was not significantly 
different for the control and biochar treated soil. However, the cumulative production as 
well as global warming potential of each gas showed that nitrous oxide production was 
negligible in each soil due to the waterlogged condition.  
 As similar to waterlogged incubation, digested liquid treated soil also produced 
the highest concentration of nitrous oxide under aerobic incubation. Biochar treated soil 
also produced the higher carbon dioxide than the untreated soils under. As opposite to 
waterlogged incubation, the application of biochar didn’t affect methane production 
under aerobic incubation. The cumulative production and global warming potential of 
each gas showed that methane production was not significantly different among various 
soils and was also negligible in each soil due to the aerobic condition. The cumulative 
production and global warming potential was the highest by carbon dioxide production 
in each soil, and it was followed by nitrous oxide production under aerobic incubation.    
2.2 Introduction 
 Paddy soils are one of the important anthropogenic sources for CH4 emission 
as these are under waterlogged conditions most of the time. However, CH4 production 
and consumption potential could vary among soil types because of difference in 
physico-chemical properties as well as differences in associated microbial communities 
in the soils. Fertilizer management is another prospective which directly influences 
GHG production in the soils. Biofuel byproducts are also required to be utilized in 
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environment friendly manner, as these are increasing due to increase in biofuels demand. 
Laboratory incubation can provide an idea of effects of byproducts on GHG emission 
before recommending for field trials.     
 The objectives of this study was to investigate the CH4 production and 
consumption potential of two paddy soils (Andosol and Regosol) of Japan, and also to 
see the effects of biogas byproducts (biochar and digested liquid) on CH4, CO2 and N2O 
production potential in Regosol under waterlogged and aerobic incubation. 
2.3 Materials and methods 
2.3.1 Soil sampling sites and physico-chemical analysis of soils 
 The soils were collected from the paddy fields of Kujukuri, Chiba (Sand-dune 
Regosol) and Nagano (Andosol), Japan. The texture of collected soils was measured 
using Hydrometer method (Day, 1965). Air-dried soil (10 g) was mixed with 25 ml and 
50 ml distilled water to measure soil pH and electrical conductivity (EC), respectively. 
Soil total C (TC) and total N (TN) were measured after combustion using a CN analyzer 
(MT-700, Yanaco Analytical Instruments Co., Kyoto, Japan).    
Table 2.1 The physico-chemical properties of Andosol and Regosol soils 
Soil 
type 
Soil texture pH 
(H2O) 
Total C 
(TC) (%) 
Total N 
(TN) (%) 
C/N 
ratio 
NH4
+
-N  
(µg g
-1
 ds) 
POXC  
(µg g
-1
 ds) 
Regosol Sandy; sand 
97.3%, silt 2.7%, 
clay <0.01% 
5.6 0.85 + 0.07 0.12 + 0.01 7.1 6.57 + 0.50 508.3 + 8.9 
Andosol Sandy loam; 
sand 56.3%, silt 
7.3%, clay 36.4% 
6.4 2.36 + 0.36 0.29 + 0.05 8.1 9.76 + 1.06 859.9 + 4.4 
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 Soil samples were analysed for NH4
+
-N and NO3
-
-N contents after fresh soil 
extraction with 1M KCl solution (1:5; soil: solution) by using the nitroprusside and 
hydrazine-reduction methods, respectively (Carole and Scarigelli 1971; Anderson and 
Ingram 1989). Permanganate oxidizable carbon (POXC) was measured as per the 
procedure described by Weil et al. (2003). The physico-chemical properties of both soils 
have been shown in Table 2.1. 
2.3.2 Soil incubation set up 
 Both soils were provided 2 mm sieving prior to incubation to ensure free from 
plant debris. Twenty five gram of each soil was taken in 100 ml glass bottle and 
incubated under either waterlogged or aerobic conditions. The water holding capacity 
(WHC) of the soils was adjusted at 60% prior to the incubation for aerobic incubations. 
Initially, the air of head space of each bottle was replaced by N2 gas for waterlogged 
incubations. Biochar and DL were applied only in Regosol soil. The chemical properties 
of biochar and DL are given in Table 2.2a, b.  
Table 2.2a Chemical properties of biochar and digested liquid 
Byproduct pH 
(H2O) 
EC  
(mS m
-1
) 
TC 
(%) 
TN 
(%) 
C/N 
ratio 
NH4
+
-N 
(µg g
-1
  
or ml) 
NO3
-
-N 
(µg g
-1
 
or ml) 
P2O5 
(µg g
-1
 
or ml) 
K2O 
(mg g
-1 
or ml) 
Biochar 8.81 386 31.72 3.4 9.32 19.9  2.2 64,000 21.72  
DL 6.16 11,240 1.76 1.2 1.46 11,469 0.58  1.10  188.9  
 DL was applied as N source on the basis of NH4
+
-N. Biochar is a good source 
of C and P. Biochar has been reported to be applied even six times higher to N 
application in fields (Ali et al. 2013). However, in the present study it was used as P 
source so that it can fulfil the requirement of both C and P if used as a fertilizer. Two 
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concentrations (100 and 200 µg g
-1
 dry soil either NH4
+
-N or P2O5) of each byproduct 
were applied.  
Table 2.2b Micronutrients in digested liquid 
Micronutrients Concentration  (µg ml
-1
) 
Fe  316 
Cu  0.72 
Zn  6.76 
Ca  2, 160 
Mg  3, 770 
Na  12, 300 
Mn  58.1 
B  25.9 
 Soils without any amendment were incubated to find out CH4 production and 
consumption potentials of Regosol and Andosol soils under waterlogged or aerobic 
conditions, respectively. A known amount of CH4 (1150 ppm) was also injected in the 
incubated bottles to measure CH4 oxidation potential of both soils. Bottles containing 
only soil were also incubated as the control along with amended soils for Regosol to 
find out the effects of biochar and DL application. The bottles in triplicate were 
incubated at 30 or 25℃ for waterlogged and aerobic incubation, respectively.  
2.3.3 Gases sampling and measurement 
 Head space gases were taken directly from sealed bottles each 3 days interval 
and measured for CH4 production or consumption potential in Regosol and Andosol soil. 
These were taken weekly in Regosol soil under the influence of biochar and DL, and 
measured for CO2, CH4 and N2O using gas chromatographs (GC) (Shimadzu GC 14B, 
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Kyoto, Japan) equipped with thermal conductivity detector (TCD), flame ionization 
detector (FID) and electron capture detector (ECD), respectively. For TCD, column 
temperature was kept at 40℃ and the injector and detector at 50℃. Helium was 
provided as carrier gas. For FID and ECD, all the three temperatures were followed as 
60, 100 and 100℃ for FID and 70,120 and 280℃ for ECD. Nitrogen was used as carrier 
gas and hydrogen was used as flame gas for FID; while methane was provided as carrier 
gas in ECD. Porapak-Q column (80-100 mesh) was used in TCD and ECD; while it was 
Porapak-R (80-100 mesh) in FID. In order to reduce the impact of air circulation on the 
micro-environmental conditions in the bottle under aerobic incubation, and also to 
determine the maximum capacity of each gas production potential, the bottle was sealed 
during the whole week. After each weekly measurement, each bottle was reopened for 1 
h to freshen the air within the bottle under aerobic incubation (Kong et al. 2013). Bottles 
were kept closed throughout the entire experiment for waterlogged incubation in 
Regosol soil or to determine CH4 production and consumption potential of Regosol and 
Andosol soil. 
2.3.4 DNA extraction from soils and polymerase chain reaction (PCR)     
amplification for methanogens 
 Total genomic DNA was extracted from Regosol and Andosol soils (0.5 g) as 
per the protocol given in the FastDNA
® 
SPIN Kit for soil (M P Biomedicals, Solon, 
Ohio, USA) by the bead-beating method. The DNA concentration and purity were 
evaluated spectrophotometrically. DNA samples were amplified for 16S rRNA gene of 
methanogenic archaea using specific primer pairs 1106 F-GC (5’-TTW AGT CAG GCA 
ACG AGC-3’) and 1378 R (5’-TGT GCA AGG AGC AGG GAC-3’) (Watanabe et al. 
2006). The PCR reaction mixture (50 μl) contained 5 µL 10X reaction buffer , 5 µL 
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dNTP mixture (each 2.5 mM), 0.5 µL (50 μM) of each primer, 0.25 µL (5 U µL-1)  Ex 
Taq polymerase (TaKaRa, Otsu, Japan) and 1.0 µL of 20-fold diluted DNA template. 
 The PCR was performed using a 96-well Thermal Cycler (PCR Thermal Cycler 
Dice, TaKaRa, Otsu, Japan), under the following conditions: an initial denaturation at 
95℃ for 90 s, followed by 35 cycles of denaturation at 95℃ for 30 s, annealing at 55℃ 
for 30 s and elongation at 72℃ for 90 s, and a final extension at 72℃ for 6 min. At 
completion, the PCR products were observed by electrophoresis in 2.0% (w/v) agarose 
(Funakoshi, Tokyo, Japan) in 1X TAE buffer [40 mM Tris-acetate, 1mM 
ethylenediaminetetraacetic acid (EDTA)] stained with ethidium bromide (0.5 μg mL-1). 
The images were digitized with FAS-III (Toyobo, Osaka, Japan) and the DNA fragment 
lengths identified using 100 bp DNA ladder (New England BioLabs, Ipswich, UK) as 
the molecular weight standard. Amplified PCR products were purified using 
NucleoSpin
®
Gel and PCR clean-up Kit (MN GmbH, Duren, Germany) and quantified 
using UV-2450 (Shimadzu, Kyoto, Japan) and stored at -20℃ for further analysis.   
2.3.5 DGGE (Denaturing Gradient Gel Electrophoresis) analysis 
 DGGE was performed with the DCode
TM
 Universal Mutation Detection 
System (Bio-Rad Laboratories, Hercules, CA, USA) and the denaturant gradient of the 
gel was ranged from 32 to 62%, in which 100% denaturant contained 7 M urea and 40% 
formamide as described by Watanabe et al. (2006). Electrophoresis was run for 14 h at 
60℃ under a constant voltage (100 V). After electrophoresis, the gel was stained with 
the SYBR Green I nucleic acid gel stain (1:10000 dilution) (Lonza, Molecular 
Application, Rochland ME, USA), rinsed using distilled water, and immediately 
photographed on an UV-trans-illuminator (Printgraph, ATTO Corporation, Type-GX 
430251, Tokyo, Japan) at 312 nm with the SYBR Green gel stain photographic filter 
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(Lonza).   
2.3.6 Statistical analyses 
Data were subjected to analysis of variance (ANOVA) in order to determine the 
effect of sampling site or treatments. Tukey’s HSD test (at P < 0.05) was applied for the 
differences in mean values. Correlation analysis was used to determine the relationship 
between CH4 production potential of Regosol and Andosol soils and other variables. All 
such analyses were done using SPSS Statistics 20 (IBM, New York, USA).  
2.4 Results and discussion 
2.4.1 CH4 and CO2 production in Andosol and Regosol soil under waterlogged 
incubation 
The production of CH4 increased with incubation time in both soils (Fig. 2.1). It  
attained almost stationary phase 18 days of incubation (DOI) in Regosol; while it 
reached in stationary phase 21 DOI in Andosol. The cumulative CH4 production over 30 
DOI was significantly higher in Andosol (3.44 + 0.10 mg kg
-1
 ds) compared to Regosol 
(1.40 + 0.08 mg kg
-1
 ds). The production of CO2 also increased with incubation time 
and reached almost stationary phase 24 DOI in both soils (Fig. 2.2). The cumulative 
CO2 production over 30 DOI was also significantly higher in Andosol (1.88 + 0.05 g 
kg
-1
 ds) compared to Regosol (1.07 + 0.13 g kg
-1
 ds). The cumulative production of both 
gases showed that CO2 production was higher than CH4 production in both soils. The 
cumulative CH4 production was significantly correlated with cumulative CO2 
production and the soil’s chemical properties (Table 2.3). The cumulative CO2 
production was also significantly correlated with the soil’s chemical properties (Table 
2.4).   
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Fig. 2.1 CH4 production pattern in Andosol and Regosol soil under 30 days of 
waterlogged incubation 
 
 
 
 
 
 
 
 
     
Fig. 2.2 CO2 production pattern in Andosol and Regosol soil under 30 days of 
waterlogged incubation 
 Various soil properties showed a positive correlation with CH4 and CO2 
production. POXC showed the strongest correlation for CH4 as well as for CO2 
production; while NH4
+
-N was found to be the weakest for both (Table 2.3, 2.4). 
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Table 2.3 Statistical correlation and level of significance of various soil parameters for 
CH4 production in Andosol and Regosol under waterlogged incubation 
Parameters for relationship with 
CH4 production 
R
2
 P 
CO2 0.947 0.001 
TC 0.936 0.002 
TN 0.926 0.002 
POXC 0.997 0.000 
NH4
+
-N 0.841 0.010 
 
Table 2.4 Statistical correlation and level of significance of various soil parameters for 
CO2 production in Andosol and Regosol under waterlogged incubation 
Parameters for relationship with 
CO2 
R
2
 P 
TC 0.928 0.002 
TN 0.915 0.003 
POXC 0.955 0.001 
NH4
+
-N 0.830 0.012 
 Liu et al. (2011) reported that the soil organic C significantly increased CH4 
production potential in wetland soils. Glatzel et al. (2004) demonstrated a significant 
positive correlation between CH4 and CO2 production in peat soils, while a positive 
correlation between cumulative CH4 and CO2 production has also been demonstrated in 
16 rice paddy soils from 3 countries following anaerobic incubations (Yao et al. 1999). 
It could be due to dominating acetoclastic pathways for CH4 production which is 
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favored for CO2 production along with CH4 production rather than hydrogenotrophic 
pathway under waterlogged incubation (Conrad and Klose 1999). POXC indicates the 
availability of active C in the soil, and is therefore, considered as the early indicator of 
C change in soils (Culman et al. 2012). The availability of labile C in the soil can 
influence methanogenesis directly due to being the sole C source for methanogens. 
Bhattacharyya et al. (2012) also reported high CH4 and CO2 emission in presence of 
high POXC in Indian paddy fields. The presence of NH4
+
-N in the soil is one of the 
important factors controlling the CH4 production under waterlogged conditions. It has 
been demonstrated that the existence of NH4
+ 
can stimulate CH4 emission from rice 
paddy fields due to the competition of NH4
+ 
for the oxidation with CH4 by 
methanotrophs (Mosier et al. 1991). Generally, CH4 emission should increase with the 
increase in NH4
+
-N content of the soil.  
 Another reason for differences in CH4 production potential of Andosol and 
Regosol could be the variations among methanogenic arheal diversity in both soils as 
indicated by DGGE banding pattern (Fig. 2.3). Such community level variations are 
possibly due to variations in the physico-chemical properties of soils. Hoshino et al. 
(2011) suggested that the soil properties affect the archaeal communities in agricultural 
soils. The effect of soil properties like pH on the soil archaeal community at various soil 
profiles is also determined by Cao et al. (2012). Watanabe et al. (2009) also reported the 
distinctive community of methanogenic archaeal communities in the four reclaimed 
paddy fields of Japan. According to Hoshino et al. (2011), soil’s chemical properties and 
soil type mostly overlapped in their effects on the archaeal community. Our study also 
confirms interactions between soil’s physico-chemical properties and methanogenic 
community inhabiting in the experimental fields. 
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Fig. 2.3 DGGE fingerprinting profiles of methanogenic archaeal communities 
belonging to two paddy soils of Japan 
2.4.2 CH4 oxidation and CO2 production in Andosol and Regosol soil under 
aerobic incubation 
The consumption of CH4 occurred with incubation in both soils. Rapid 
consumption occurred during first 3 DOI in both soils (Fig. 2.4). A significant difference 
between both soils was observed for CH4 oxidation at each measurement. As similar 
with CH4 production (Fig. 2.1), Andosol soil consumed CH4 more rapidly than Regosol 
soil. The cumulative CH4 consumption over 24 DOI was significantly higher in Andosol 
(1044 + 4) than Regosol soil (904 + 9).  
 On the other hand, CO2 production in both soils increased with incubation time 
(Fig. 2.5). It was also significantly higher in Andosol compared to Regosol soil at each 
measurement. As similar with waterlogged incubation (Fig. 2.2), the cumulative CO2 
production over 24 DOI was higher in Andosol (1.34 + 0.07 g kg
-1
 ds) compared to 
Regosol soil (0.73 + 0.05 g kg
-1
 ds).  
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Fig. 2.4 CH4 oxidation pattern in Andosol and Regosol soil under 24 days of aerobic 
incubation 
  
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 CO2 production pattern in Andosol and Regosol soil under 24 days of aerobic 
incubation 
 Methane oxidizing bacteria, also known as methanotrophs, are the only known 
biological sink of CH4. They utilize CH4 as a sole source of C and energy. Muramatsu 
and Inubushi (2009) have already demonstrated that in rice paddy soils, CH4 production 
and oxidation is always in a balanced stage. So, the soils having high CH4 production 
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potential are also expected to have high CH4 oxidation potential. This could be the 
reason that Andosol had high CH4 production potential as well as high CH4 oxidation 
potential than Regosol (Fig. 2.1, 2.4). Oxidation of CH4 is accompanied with CO2 
production. So, high CH4 oxidation could be the reason for high CO2 production in 
Andosol under aerobic incubation (Fig. 2.4, 2.5).   
2.4.3 CO2, CH4 and N2O production potential of Regosol soil after the 
application of DL and biochar under waterlogged conditions 
a)  CO2 and CH4 production 
 CO2 production in each soil increased with incubation time and it reached 
almost stationary phase in the control and biochar treated soil; while it started declining 
in DL treated soil towards the end of incubation (Fig. 2.6). CH4 production in each soil 
also increased with incubation time and it reached almost stationary phase towards the 
end of incubation (Fig. 2.7).  
 
 
 
 
 
 
 
 
 
Fig. 2.6 CO2 production potential pattern in various treatments of Regosol soil 
incubated under submerged condition 
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 The higher production of both gases was observed in biochar treated soil than 
the untreated soil throughout the entire incubation; while it was always lower in DL 
treated soil even lower than the control. No significant difference was observed for both 
gases in varying concentrations of biochar; while the production for both gases was 
lesser in higher concentration of DL than its lower concentration (Fig. 2.6, 2.7). The 
cumulative production for both gases was the highest in biochar treated soil than the 
untreated soil (Table 2.5). The average production of both gases was the higher in 
higher concentration of biochar but the difference was not significantly different with its 
lower concentration. The cumulative production for both gases was the lowest in DL 
treated soil and it significantly decreased in its higher concentration (Table 2.5). 
    
 
  
 
 
    
 
 
      
 
Fig. 2.7 CH4 production potential pattern in various treatments of Regosol soil 
incubated under submerged condition 
 In the present study, the soil was sieved (2 mm) to make it free from plant 
debris prior to incubation to check inhibition of CO2 reduction, and thus CO2 production 
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increased with the increase in CH4 production. This is possibly due to dominating 
acetate decarboxylation. Labile organic C of biochar could be decomposed and it may 
become predominant source of methanogenic substrates, thus promoting CH4 
production (Knoblauch et al. 2010). Biochar amendments in agricultural soils have 
shown to slow C and N release that has been attributed to affect microbial activity 
(Wardle et al. 2008), which is in accordance with the present study. Slow release of C in 
biochar amended soils might be the possible reason for in-significant difference 
between its both concentrations (Table 2.5). Field application has also demonstrated the 
increase in CH4 emission by following biochar (Zou et al. 2005; Zhang et al. 2012a). It 
has been demonstrated that CH4 emission can be reduced significantly without losing 
crop yield if digested slurry is applied in heavy amount in paddy field (Sunaga et al. 
2009). Digested slurry consists of more soluble nitrogen so more ammonium production 
could be considered (Matilla and Joki-Tokola 2003). The presence of high concentration 
of ammonium may be inhibitory for methanogenic activity; thus reducing CH4 
production (Sunaga et al. 2009). Another reason could be the low C/N ratio in the DL 
itself (Table 2.2) which prevented CH4 production. The same possibilities might 
occurred in the present study causing decline in CH4 production by following DL, and it 
further decreased with the increase in concentration of DL. 
b)  N2O production 
 N2O production in each soil was negligible compared to CO2 and CH4 
production throughout the entire experiment (Fig. 2.6, 2.7, 2.8). It was the highest in DL 
treated soil (Fig. 2.8). The cumulative N2O production was also the highest in DL 
treated soil; while the difference was not significantly different between its both 
concentrations (Table 2.5). The cumulative N2O production in biochar treated soil was 
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not significantly different with the control and DL treated soil. The cumulative N2O 
production and the global warming potential (GWP) of N2O was also negligible 
compared to CO2 and CH4 production in each soil (Table 2.5). It could be due to 
waterlogged incubation. Cai et al. (1997) also suggested that CH4 is the major 
greenhouse gas instead of N2O when rice fields are kept under waterlogged conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8 N2O production potential pattern in various treatments of Regosol soil 
incubated under submerged condition 
 The N2O emission is affected by processes of nitrification and denitrification. 
The availability of organic C is often considered to be a major factor influencing 
denitrification under anaerobic conditions (Zou et al. 2005). This is one of the probable 
reasons that biochar is believed to reduce N2O production in the presence of external N 
application (Zhang et al. 2012a). In the present study, no external N was applied with 
biochar, thus preventing significant inhibition of N2O production. Another reason for 
getting no significant differences between biochar treated and untreated soil could be 
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waterlogged incubation. It has been observed that N2O production may be reduced 
using anaerobic treated slurry because of reduction of organic matter that causes 
production (Sommer et al. 2004). Earlier report also demonstrated that CH4 is the major 
greenhouse gas when rice fields are kept under waterlogged conditions even with the 
use of digested slurry (Sasada et al. 2011). In the present study, the presence of small 
fraction of NO3
-
-N in DL might reduce to N2O and caused higher production than the 
untreated soil. 
Table 2.5 The cumulative gases production and GWP in various treated Regosol soil in 
62 days of submerged incubation  
Treatments CO2  
(µg g
-1
 ds) 
CH4  
(µg g
-1
 ds) 
N2O  
(ng g
-1
 ds) 
GWP-CO2 equivalent 
(g) (CO2+CH4+N2O) 
Control 724.6 + 70.0 b 898.8 + 91.3 b 26.83 + 1.99 b 31.2 b 
Biochar 100 980.3 + 97.1 a 1206.4 + 58.7 a 34.58 + 4.64 ab 41.8 a 
Biochar 200 1034.8 + 72.1 a 1221.8 + 103.1 a 33.23 + 3.83 ab 41.1 a 
DL 100 330.7 + 59.5 c 583.9 + 99.5 c 36.32 + 4.73 a 25.8 c 
DL 200 203.8 + 42.9 d 337.1 + 59.1 d 37.64 + 5.77 a 19.8 d 
DL: digested liquid; ds: dry soil; GWP: global warming potential; GWP was calculated by multiplying 
the sum of cumulative production of CH4 by 25 times and the sum of cumulative production of N2O by 
298 times, and then summing up the total of CO2, CH4 and N2O; Different letters in each column denote 
significant differences (p<0.05, n=3) according to a Tukey’s HSD test 
c)  Variations in mineral-N of the soil 
 In the present study, more NH4
+
-N was observed in each byproduct amended 
soil than the control soil (Table 2.6). DL treated soil had the highest NH4
+
-N at 31 and 
62 DOI, and it significantly increased with the increase in its concentration. No 
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significant difference for NH4
+
-N was observed in both concentration of biochar treated 
soil, probably because of slow N release from biochar (Table 2.6). This NH4
+
-N can also 
be oxidized to NO3
-
-N through NO2
-
-N. Most of the time, NO2
-
-N is not accumulated in 
the soil and therefore converted to NO3
-
-N. Conversion process is rapid under oxidizing 
conditions. This process was not favoured due to waterlogged incubation, thus 
conversion of NO3
-
-N from NH4
+
-N could be slow. It could be the reason for slight 
decrease of NH4
+
-N in each treated soil at 62 DOI (Table 2.6). Little and in-significant 
NO3
-
-N was observed in each soil at 62 DOI (Table 2.6). The presence of little NO3
-
-N 
formation could be the reason for low N2O production in each soil throughout the entire 
experiment (Fig. 2.8). Generally, it has been demonstrated that the existence of NH4
+ 
can stimulate CH4 emission from rice paddy fields due to the competition of NH4
+ 
for 
the oxidation with CH4 by methanotrophs (Cai et al. 1997). In this way, NH4
+
 should 
stimulate CH4 production. However, this phenomenon can work up to a certain limit. 
Sossa et al. (2004) demonstrated that NH4
+
 concentration of more than 148.8 mg L
-1
 
became toxic for methanogens, and decreased CH4 production. Other studies (Koster 
and Koomen 1988; Aspe et al. 2001) have also reported the inhibitory effect or toxicity 
of NH4
+
 on methanogenic activity under anaerobic conditions. It has been demonstrated 
that methanogens are more affected than other bacteria by changes in the environment 
and by the presence of toxic compounds such as NH4
+
 and sulphide (Koster and 
Koomen, 1988). The soil whose initial pH is 5-6 can accumulate more NH4
+
 with the 
increase in pH (Yamulki et al. 1997). In the present study, the higher concentration of 
NH4
+
-N in DL treated soil might inhibit methanogenic process and decreased CH4 
production. The decrease in CH4 production simultaneously decreased CO2 production. 
The NH4
+
-N in DL treated soil was always higher than 150 µg g
-1
 ds (Table 2.6); while 
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it was lower in other treatments and might not be enough to inhibit CH4 production. 
Table 2.6 Changes in mineral-N of various treated Regosol soil incubated under 
submerged condition 
 
Treatments 
 
 31 DOI 
 NH4
+
-N
      
(µg g
-1
 ds)  
                          
        
        62 DOI 
 NH4
+
-N
            
NO3
-
-N
                      
 
          
(µg g
-1
 ds)    
Control 63.5 + 2.6 d 55.8 + 0.5 d 1.51 + 1.4 a  
Biochar 100 95.9 + 1.0 c  89.2 + 4.2 c 1.55 + 1.6 a 
Biochar 200 103.2 + 2.7 c 91.2 + 1.0 c 1.62 + 2.3 a 
DL 100 165.4 + 3.0 b 154.8 + 1.9 b 1.68 + 0.9 a 
DL 200 241.8 + 5.7 a 233.8 + 4.6 a 1.72 + 2.1 a 
DL: digested liquid; ds: dry soil; Different letters in each column denote significant differences (p<0.05, 
n=3) according to a Tukey’s HSD test 
2.4.4 N2O, CO2 and CH4 production potential of Regosol soil after the 
application of DL and biochar under aerobic incubation 
a)  N2O production 
 In the control and each treated soil, the most of N2O was produced during first 
week of incubation (Fig. 2.9). It was the highest in DL treated soils and the lowest in the 
control. The production of N2O was more in DL 200 compared to DL 100 throughout 
the entire experiment (Fig. 2.9). Biochar 200 also produced more N2O than biochar 100 
treated soil. During the 14 and 21 DOI, biochar treated soils produced more N2O 
compared to other soils, and it increased with the increase in biochar concentration. 
More than 80% N2O was produced in the first week of incubation for the control and 
biochar treated soils; while it was more than 90% for DL treated soils (Fig. 2.9). It 
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decreased with incubation time and became negligible with incubation period for each 
soil. The cumulative production and GWP was significantly highest in DL 200 treated 
soil, and the lowest in the control and BL 100 treated soils (Table 2.7). DL 100 treated 
soils was comparable with biochar 200 and DL 200 treated soil; while biochar 200 
treated soil was significantly lower than DL 200 treated soil (Table 2.7).  
 
 
 
 
 
 
 
 
Fig. 2.9 N2O production potential pattern of various treated Regosol soil incubated 
under aerobic condition 
 A recent study by Kong et al. (2013) also showed that N2O production could be 
the maximum at the first week of incubation under similar experimental set up with the 
present study. The present study also showed the maximum N2O production in each soil 
during the first week than the following weeks of incubation (Fig. 2.9). Nitrification is 
the main process for N2O production at 60-80% WHC, while denitrification is the major 
contributor at 90-100% WHC (Inubushi et al. 1996; 1999). In our study, nitrification is 
presumed to be the major contributor for N2O production; as WHC of the soil was set 
up at 60% before incubation. The increase in N2O production after the application of DL 
(Fig. 2.9) also suggests the same as it was used as a source of NH4
+
-N. The application 
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of DL in the soil increased nitrification process, thus enhancing N2O production (Fig. 
2.9). Organic materials, such as sewage sludge compost, animal manure, crop residues, 
municipal solid wastes, and compost has shown to enhance N2O emission (Hayakawa et 
al. 2009; Alotaibi and Schoenau 2013). DL is also an organic fertilizer as it contains 
both organic and inorganic nitrogen (Watanabe et al. 2012). In the present study, the 
most of the N in DL was inorganic N especially NH4
+
-N. It indicates that nitrification 
along with denitrification could be the major responsible reasons rather than 
N-mineralization for high N2O production in DL applied soils (Akiyama et al. 2004).  
 Biochar, which is another organic material used, has been shown positive and 
negative impacts on N2O production in the previous studies (Yanai et al. 2007; Bruun et 
al. 2011; Zhang et al. 2012a; Saarnio et al. 2013). There could be increase in 
N-mineralization after the addition of a labile substrate like biochar to the soil 
(Zimmerman et al. 2011). Changes in the mineralization rate of organic matter in the 
soil, and the decomposition of fresh biochar itself may also affect N cycling in the soil. 
These could be the possible reasons for significantly increasing N2O production with 
the increase in biochar concentration (Table 2.7). The present study is in accordance to 
previous studies which observed increase in N2O production during the initial phase of 
incubation (Yanai et al. 2007; Bruun et al. 2011). The slow release of C and N could be 
one of the probable reasons for higher N2O production during 14 and 21 DOI by 
following biochar (Fig. 2.9). Saarnio et al. (2013) observed the increase in N2O 
emission especially in the initial phase of the experiment while studying the effect of 
slow pyrolysis biochar on mesocosm bare soils. In contrast to the two applied 
treatments, the control soil produced the lowest amount of N2O (Table 2.7) which was 
expected due to the absence of additional N.      
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b)  CO2 production 
 As similar with N2O production, first major peak for CO2 was observed at the 
first week of incubation for each treated soil (Fig. 2.10). Unlike N2O production, it 
followed almost similar trend for various treated soils. Biochar treated soils produced 
more CO2 compared to untreated soils throughout the entire experiment, and the 
production increased with the increase in biochar concentration (Fig. 2.10). Unlike N2O, 
CO2 production during the first week of incubation was almost 40% irrespective of 
treatments (Fig. 2.10). The production pattern was not significantly different for the 
control and either treated soils of DL. It also decreased with the incubation time for each 
treated soil (Fig. 2.10). It was significantly highest in biochar 200 treated soils followed 
by biochar 100 treated soils. The control and DL treated soils were significantly lower 
than biochar treated soils, and were not significantly different with each other (Table 
2.7).    
 
 
 
 
 
 
 
 
 
Fig. 2.10 CO2 production potential pattern of various treated Regosol soil incubated 
under aerobic condition 
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 Our results for CO2 production (Fig. 2.10) is in close agreement with the study 
of Kong et al. (2013) which also observed the highest CO2 production during the initial 
phase of the incubation, and it decreased with the incubation time. Most of the 
laboratory and field incubation studies have often found an increase in CO2 evolution 
upon the addition of biochar to the soil (Smith et al. 2010; Bruun et al. 2011, 2012; 
Saarnio et al. 2013). The possible reason for increasing CO2 production is assumed to be 
the increase in the soil respiration rate which has been attributed to microbial 
decomposition of labile components of the biochar (Smith et al. 2010) or potentially to 
an abiotic release of C (Zimmerman 2010). Smith et al. (2010) described the increased 
CO2 release as the result of application of biochar which provides the soil microbes with 
labile C. Some researchers have suggested that biochar additions to the soil have the 
potential to induce a priming effect, causing an increase in the decomposition of 
resident soil organic matter. In a10-year buried bag incubation, Wardle et al. (2008) 
found little observable biochar degradation over the incubation period, but found that 
biochar appeared to stimulate the decomposition of the soil humus. Moreover, the 
presence of C has been found more important than N for accelerating CO2 production; 
as DL in the present study contained negligible fraction of C compared to biochar. It 
could be the reason for getting no significant difference between control and either 
concentration of DL treated soils (Fig. 2.10, Table 2.7). Bruun et al. (2011) found that 
the addition of N-rich biogas slurry did not increase CO2 production compared to the 
control, and it increased with the increase in biochar concentration which is in 
accordance with the present study. Previous studies and our study (Table 2.10) also 
showed that the cumulative CO2 production as well as GWP from CO2 production is 
higher than N2O production under aerobic incubation (Bruun et al. 2011) or field 
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experiment (Saarnio et al. 2013) irrespective of the treatments.  
c)  CH4 production 
 The production pattern for CH4 followed the different trend than N2O and CO2 
production (Fig. 2.11). In each soil, it increased up to 28 DOI and then started 
decreasing with the incubation time. As expected, the cumulative production for CH4 as 
well as GWP from CH4 production in each soil was negligible compared to N2O and 
CO2 production (Table 2.7). Moreover, it was not significantly different for either soil 
(Table 2.7).  
 
 
 
 
 
 
 
 
 
Fig. 2.11 CH4 production potential pattern of various treated Regosol soil incubated 
under aerobic condition 
 The incubation conditions were aerobic in the present study as WHC of the soil 
was set at 60% which favoured aerobic conditions (Inubushi et al. 1996). However, few 
anaerobic sites may still be generated in the aerobic soils. These are usually generated 
within the pellets (Cabrera et al. 1994). All the bottles were opened once a week and 
then kept closed until next week. The O2 in the bottles during this incubation might have 
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been utilized, causing little CH4 production. Another factor could be the anaerobic 
microsites generation as discussed above. At each opening of bottles, soils inside the 
bottle were kept undisturbed. This might favoured the more microsites generation 
especially in the bottom of the bottles. These anaerobic microsites could be responsible 
for increasing CH4 production up to 28 DOI. However, it was not significantly different 
in any treatment (Table 2.7).  
Table 2.7 Cumulative gases production and GWP of various treated Regosol soil in 63 
days of aerobic incubation 
Treatments N2O CO2 CH4 Total GWP  
(µg) 
 
 Cumulative 
production 
(ng/g ds) 
GWP  
(CO2 
equivalent) 
(µg) 
Cumulative 
production/ 
GWP  
(µg/g ds)/ 
(µg) 
Cumulative 
production 
(ng/g ds) 
GWP (CO2 
equivalent) 
(µg) 
 
Control 212 + 21 c 63 + 6 c 360 + 19 c 63 + 1 a 1.6 + 0.01 a 425 + 20 d 
Biochar 100 257 + 42 c 77 + 13 c 414 + 21 b 62 + 5 a 1.6 + 0.12 a 492 + 20 c 
Biochar 200 413 + 55 b 123 + 17 b 487 + 18 a 60 + 3 a 1.5 + 0.06 a 612 + 32 a 
DL 100 574 + 72 ab 171 + 21 ab 343 + 16 c 60 + 2 a 1.5 + 0.06 a 515 + 20 bc 
DL 200 692 + 18 a 206 + 5 a 359 + 9 c 60 + 4 a 1.5 + 0.10 a 567 + 8 ab 
DL: digested liquid; ds: dry soil; GWP: global warming potential; GWP was calculated by multiplying 
the sum of cumulative production of CH4 by 25 times and the sum of cumulative production of N2O by 
298 times, and then summing up the total of CO2, CH4 and N2O; Different letters in each column denote 
significant differences (p<0.05, n=3) according to a Tukey’s HSD test 
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 Biochar, which is generally believed to enhance CH4 production under 
waterlogged conditions (Knoblauch et al. 2011; Zhang et al. 2012a) was not found to 
increase CH4 production under aerobic incubation. It could be due to the experimental 
set up which did not favour anaerobic condition; thus, preventing any significant 
differences for CH4 production in either soil. Zhang et al. (2012b) also observed that 
biochar could behave differently under waterlogged conditions (Zhang et al. 2012a) and 
under aerobic conditions even it is prepared from same raw material at the same 
pyrolysis temperature. 
2.5 Conclusion 
 Biochar treated soil produced more CO2 and CH4 than the untreated soil under 
waterlogged conditions probably due to C release in the soil. It also increased nitrous 
oxide production potential of the soil under aerobic incubation. Biochar also increased 
carbon dioxide production under aerobic incubation. In DL treated soil, less production 
for CO2 and CH4 was observed under waterlogged incubation probably due to NH4
+
-N 
accumulation which caused toxicity to methanogens. The cumulative production and 
global warming potential of N2O was negligible in each soil under waterlogged 
incubation; while the cumulative production and global warming potential of CH4 was 
negligible under aerobic incubation. The CO2 production was not significantly different 
between the control and digested liquid treated soils under aerobic incubation. The 
application of DL significantly increased N2O production compared to untreated soils 
under aerobic incubation. These studies showed that biochar could be releasing C in the 
soil, and NH4
+
-N from DL was also available in the applied soil. These byproducts 
could be used as fertilizers. The application of these in various crops can give better 
idea for fertilizer applicability. 
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Chapter 3 
Effect of biochar and digested liquid on CH4 and N2O emission from 
soils vegetated with paddy 
 
3.1 Abstract 
 Biochar is believed to have positive impact on the soil properties and plant 
yield. Due to the presence of C, it can also enhance CH4 emission in paddy soils. On the 
other hand, ammonium sulphate can decrease CH4 emission due to the negative impacts 
on methanogenesis. Biogas digested liquid could also be used as an N-fertilizer. 
Keeping these points in view, a pot experiment was conducted to determine the effect of 
digested liquid, and biochar along with ammonium sulphate on CH4 and N2O emission 
from paddy vegetated soil. Analysis revealed that digested liquid and biochar treated 
soils released more CH4 compared to other treatments. Ammonium sulphate treated soil 
emitted the highest N2O whereas biochar addition and the application of digested liquid 
decreased its emission significantly. Further, the cumulative emission was found to be 
higher for CH4 (16.9-34.7 g m
-2
) in comparison to N2O (-49.3 to 18.9 mg m
-2
) for all 
treatments. Biochar and digested liquid application had positive impact on plant 
variables such as panicle number and weight of panicles. This study suggested that 
biochar and digested liquid application significantly decreased N2O emission and 
increased CH4 emission possibly due to affecting the availability of organic C in the soil 
to microbial activity for methanogenesis. Another possibility for enhancing CH4 
emission by following biochar and digested liquid could be attributed to the increase in 
plant biomass.    
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3.2 Introduction 
 In our previous report, it has been observed that biochar increased CH4 
production under waterlogged incubation (Singla and Inubushi 2013a) and it also 
increased N2O production under aerobic incubation compared to the control soil (Singla 
and Inubushi 2014a). The application of DL decreased CH4 production under 
waterlogged incubation probably due to ammonium toxicity to methanogens; whereas 
DL increased N2O production under aerobic incubation.  
 Biochar is believed to improve the soil fertility and sequester C into the soil to 
mitigate climate change (Lehmann et al. 2011). It can also cause changes in microbial 
community structure and activity which may affect nutrient flow and plant growth in 
agroecosystem (Liang et al. 2010). Most of the studies used biochar along with either 
ammonium nitrate (Pan et al. 2009; Miller et al. 2011) or urea (Zhang et al. 2010). 
These studies along with other studies (Zhang et al. 2012a) suggest that the addition of 
biochar can increase CH4 emission and decrease N2O emission. It has also been seen 
that the use of ammonium sulphate (AS) instead of urea can decrease CH4 emission in 
rice (Sophoanrith et al. 2011). However, information on the application of biochar along 
with AS is almost not available in the published literature. The application of DL as an 
N-fertilizer in paddy is also almost not available in the published literature. The 
objectives of the present study were to determine the effect of the application of DL, 
and biochar along with AS on CH4 flux, N2O flux and plant biomass compared to AS in 
paddy vegetated soil. 
3.3 Materials and methods 
3.3.1 Soil sampling sites and physico-chemical analysis of soils 
 The experiment was conducted at the soil science experimental field, Graduate 
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School of Horticulture, Chiba University, Matsudo, Japan during May to September 
2011. Plastic plant pots (1/5000 a, height 20 cm and diameter 17.4 cm) in triplicate were 
filled with about 3 kg soil. The soil was collected from paddy field of Kujukuri, Chiba, 
Japan (sand-dune Regosol, soil texture: sand 97.3%, silt 2.7%, clay < 0.01%). The soil 
had following characteristics: pH (H2O) 5.54, EC 21.4 mS m
-1
, total carbon (TC) 1.19%, 
total nitrogen (TN) 0.11%. The biochar and DL was prepared by Yamada Biomass Plant, 
Chiba, Japan, after separating the solid and liquid part from the digested slurry. 
Separated liquid was distilled to remove excess water and distillation process was 
stopped after getting 91.2% of the total input volume of the liquid portion. The 
remaining 8.8% was named as DL and it was stored at 4℃ until the application. The 
chemical properties of the DL were as follows: pH (H2O) 6.16, EC 11240 mS m
-1
, TC 
1.76%, TN 1.20%, NH4
+
-N 11469 mg L
-1
, NO3
-
-N 0.58 mg L
-1
, P2O5 1.10 mg L
-1
 and 
K2O 188.9 mg L
-1
. Biochar was prepared by carbonization of solid portion of digested 
slurry. Carbonization temperature was kept around 330℃ which was followed by an 
output process temperature around 370℃. Biochar had the similar composition as 
mentioned in Table 2.2a.  
 Four types of treatments in triplicate were selected as: 1) Control: without N. 
Only P and K were applied; 2) DL as N fertilizer; 3) AS as N fertilizer; 4) Biochar + AS. 
In each treatment, calcium superphosphate and potassium chloride were used as source 
of P and K, respectively except for P application in treatment no. 4. The application rate 
for N, P and K in each treatment was 160 mg pot
-1
 (8 g m
-2
), except for N application in 
the control. These were given as basal dose only. Each fertilizer was applied 2 days 
prior to the seedling transplantation. After 2 days of fertilizer application, each pot was 
made flooded with water and 3 seedlings (21 days old) of rice were transplanted to each 
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pot. All the pots were kept under continuous flooded conditions by maintaining a 5 cm 
water layer above the soil throughout the entire experiment.  
3.3.2 Gases sampling and plant biomass analysis 
 Throughout the entire cropping period, gas sampling was done weekly by close 
chamber method at the interval of 0, 10 and 20 minutes in pre-evacuated vacuum vials, 
and then analysed for CH4 and N2O using gas chromatographs (GC) (Shimadzu GC 14B, 
Kyoto, Japan) equipped with flame ionization detector (FID) and electron capture 
detector (ECD), respectively (Singla and Inubushi 2013a). The CH4 flux (mg m
-2
 h
-1
) 
and N2O flux (μg m
-2 
h
-1
) were calculated from the temporal increase in gas 
concentration inside the chamber per unit time by following the equation: 
F =ρ×V/A×∆c/∆t × 273/(273+T) 
Where F is the gas flux (mg C m
–2
 h
–1 
for CH4 and µg N m
–2
 h
–1 
for N2O), ρ is the 
gas density (mg m
–3
; ρCH4-C=0.536 and ρN2O-N = 1.25). ∆c/∆t is the rate of change of 
the gas concentration (c) inside the chamber per unit time (10
–6
 m
3
m
–3
 h
–1
) (t). V is the 
volume of the chamber (m
3
). A is the cross-sectional area of the chamber (m
2
). T is the 
air temperature (℃). GHG fluxes were calculated using linear regression between the 
gas concentration inside the chamber and the measured time. The cumulative CH4 and 
N2O evolutions were calculated by multiplying the daily fluxes at each measurement for 
the time interval and then by summing up the obtained values. 
  The weight of the harvested plants was measured after over drying the plant 
materials at 80℃ for 5 days in a forced air-oven. 
3.3.3 Statistical analyses 
 Statistical analysis was performed in order to determine the effect of treatments 
on observed parameters. Significance of treatments was tested by One-way Analysis of 
  
45 
Variance (ANOVA), and Tukey’s HSD test was applied to compare differences among 
treatments means at a probality level of P<0.05. All the statistical analyses were 
completed using SPSS Statistics 20 (IBM, New York, USA).   
3.4 Results and discussion 
3.4.1 CH4 and N2O flux  
 In the present study, the first peak for CH4 was observed during panicle 
initiation for all treatments except for a small peak for biochar and DL treatment during 
tillering stage (Fig. 3.1). After the peak at 59 DAT, two more small peaks were observed 
for biochar and DL treated soil whereas AS treated soil showed steady state pattern. 
There are probabilities of high CH4 emission which cause 2-3 major peaks during a rice 
crop cycle. These can arise at tillering, panicle initiation and maturation stages (Zhang 
et al. 2012a). It has been reported that more than 90% of the total CH4 released from 
rice paddies is diffusive transport through aerenchyma system of the rice plants 
(Inubushi et al. 1989). Emission through plants may be expected to show great seasonal 
variations tied to the environmental changes in the soil conditions and variation in plant 
growth stage, ultimately causing certain peaks for high CH4 emission (Minami 1994). 
The higher CH4 emission was observed in biochar and DL treated soil compared to the 
control and AS treatments during the entire cropping season except at 87 DAT (Fig. 3.1). 
In the control soil, a major peak at 87 DAT was observed otherwise both AS treated soil 
and the control soil showed almost similar emission pattern. There could be possibilities 
for arising of the major peak in the control soil during later stages, as after the first peak, 
no other peak was observed for the control and more than one peak due to the change in 
the microbial activities (Singh et al. 2012) are always expected during the crop cycle. It 
is also well known that CH4 is produced by methanogens in the anaerobic layer of 
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paddy soils and oxidized by methanotrophic bacteria in the surface layer of submerged 
paddy soil and in the rice rhizosphere where both O2 and CH4 are available (Mer and 
Roger 2001). It is also well proven that the emission of CH4 from rice paddy soil to the 
atmosphere is the result of the balance between its production and oxidation. Sometime, 
it can cause increase in CH4 emission during the later stage to create balance between 
the production and the oxidation especially in the soil having no amendment 
(Muramatsu and Inubushi 2009). It could be another reason for appearance of larger 
peak in the control pots at 87 DAT.    
It has been demonstrated that the existence of NH4
+ 
can stimulate CH4 emission 
from rice paddy fields due to the competition of NH4
+ 
for the oxidation with CH4 by 
methanotrophs (Mosier et al. 1991), while sulphate (SO4
2-
) can depress CH4 emission 
(Sophoanrith et al. 2011). The product of SO4
2- 
reduction, H2S, may further depress the 
CH4 production (Cai et al. 1997). Thus, SO4
2-
 and H2S may inhibit the stimulatory effect 
of NH4
+
 for enhancing CH4 emission. 
 
 
 
 
 
 
 
 
Fig. 3.1 Methane (CH4) emission (mean + SD, n=3) from different treated rice pots 
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treated soil released less CH4 compared to the control soil but the difference was not 
significantly different (Table 3.1). This trend is expected because due to the absence of 
additional N-source, the control soil limits the methanogenesis, hence less CH4 
emission. According to Cai et al. (1997) AS has both, positive and negative effect on 
CH4 emission as NH4
+ 
can stimulate CH4 emission and SO4
2- 
can depress CH4 emission. 
Hence, no significant difference was observed between the control soil and AS 
treatment. The biochar and DL treated soil emitted the highest CH4 (Table 3.1). Biochar, 
which is used as a source of C in the soil, has been reported to increase CH4 emission 
(Zhang et al. 2012a; Ali et al. 2013; Singla and Inubushi 2013a). Biochar C could be 
decomposed and it may become predominant source of methanogenic substrates, thus 
promoting CH4 production (Knoblauch et al. 2011). Biochar has been reported to be 
applied even six times higher to N application in fields (Zhang et al. 2012a). In present 
study, C/N ratio of biochar and AS was 4.95. Biochar amendments in agricultural soils 
have been shown to slow C and N release, which has been attributed to affect microbial 
activity (Lehmann et al. 2003; Wardle et al. 2008). In addition, adsorption of sulphate 
on biochar (Biniak et al. 2001) may be another possibility to neutralize the inhibitory 
effect of sulphate on methanogenesis. All of these factors could be more dominating in 
present study than the inhibitory effects of SO4
2-
 and caused frequent CH4 emission due 
to biochar application. The presence of C in DL may also have attributed the same 
possibilities for increased CH4 emission (Fig. 3.1; Table 3.1).  
 It is known that NH4
+
 in the DL can volatilize under aerobic conditions (Win et 
al. 2009). However, NH4
+
 volatilization was not measured in the present study and it 
can be inhibited if the DL is incorporated into the soil rather than applied on the soil 
surface (Win et al. 2009). Due to this fact, each fertilizer was thoroughly mixed into 
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soils to minimize NH4
+
 volatilization. Moreover, biochar has also been reported to be 
applied as basal dose only (Zhang et al. 2012a; Ali et al. 2013). It was another reason 
that the surface application of any treatment was not given as split dose, and each 
fertilizer was applied only as the basal dose.  
 As similar to CH4 emission, 2-3 major peaks for N2O emission are also 
expected during a rice crop cycle (Zhang et al. 2012a). In the present study, the control 
soil was always with negative value for N2O emission because of lack of any additional 
N-source. Both, AS and DL treated soils showed similar emission pattern, and 2 larger 
peaks were observed at tillering and panicle initiation stage. Biochar treated soil was 
also in negative values most of the time except for 2 peaks at panicle initiation and 
maturation stage (Fig. 3.2). The cumulative N2O emission was the lowest in the control 
soil; while it was the highest in AS treated soil. The cumulative N2O emission in biochar 
and DL treated soil was significantly higher than the control, and significantly lower 
than AS treated soil (Table 3.1). DL treated soil had significantly higher cumulative N2O 
emission than biochar treated soil.  
 
 
 
 
 
 
 
Fig. 3.2 Nitrous oxide (N2O) emission (mean + SD, n=3) from different treated rice pots 
 The availability of organic C is often considered to be a major factor 
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influencing denitrification under anaerobic conditions (Zou et al. 2005). This is one of 
the probable reasons that the incorporation of straw, biochar and other organic matter 
can decrease seasonal N2O by providing readily available C in the soil (Zou et al. 2005; 
Zhang et al. 2012a; Singla and Inubushi 2013a). Biochar which also act as a source of C 
has been reported to decrease N2O emission (Zhang et al. 2010) which is in accordance 
with the present study. Biochar application could potentially inhibit the activity of 
reductase involved in the conversion of nitrite and nitrate to nitrous oxide (Zwieten et al. 
2010). Thus, the presence of C may also contribute in reducing N2O emission by DL 
application (Table 3.1). On the other hand, no C-source was available in the AS 
treatment without biochar addition, hence N2O emission was not inhibited. 
Table 3.1 The cumulative emission and GWP of methane (CH4) and N2O (nitrous oxide) 
in rice pots under different treatments  
Treatments CH4 (g m
-2
) GWP from CH4 
CO2 equivalent 
(g) 
N2O (mg m
-2
) GWP from N2O 
CO2 equivalent 
(g) 
Total  
GWP 
Control 22.2 + 2.4 b 577.2 b -49.3 + 18.2 c -14.7 c 562.5 
DL
#
 29.9 + 2.6 a 724.8 a  5.48 + 1.37 b 1 b 725.8 
AS
*
 16.9 + 2.5 b 396.8 b  18.9 + 7.9 a 5.6 a 402.4 
Biochar + AS
*
 34.7 + 2.5 a 866.8 a -42.0 + 16.5 c -12.5 c 854.3 
# 
DL: digested liquid; 
*
AS: ammonium sulphate; Different letters in each column denote 
significant differences (p<0.05, n=3) according to a Tukey’s HSD test 
 However, the cumulative emission and GWP from N2O emission from each 
treatment was negligible than CH4 due to waterlogged conditions (Table 3.1). Cai et al. 
(1997) suggested that CH4 is the major greenhouse gas instead of N2O when rice fields 
are kept under waterlogged conditions, which is in accordance with the present study. 
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Our finding is also in accordance to previous studies which state that the addition of 
biochar can increase CH4 emission but it can decrease N2O emission, irrespective of the 
sources and qualities of biochar preparation (Zhang et al. 2010). Moreover, biochar with 
AS has been found to produce similar results for gases emission in comparison to early 
reports of biochar with urea or ammonium nitrate. The application of DL also produced 
the similar effects on gases emission compared to biochar treatment.   
3.4.2 Plant biomass 
In the present study, biochar, DL and AS treated soils produced better plant 
biomass than the control pots. Panicle no. and panicle dry weight were found to be 
significantly increased by biochar and DL application (Table 3.2) indicating towards 
chances of better crop yield; while shoot weight was not significantly different between 
any treated soils except the control pots. 
Table 3.2 Plant biomass per rice pot from different treatments at harvest time  
Treatments Tiller no. 
pot
-1
 
Shoot wt.  
(g pot
-1
)
 
 
Panicle no. 
pot
-1
 
Wt. of panicles  
(g pot
-1
) 
Control 14.7 + 3.1 c 30.4 + 2.9 b 12.7 + 2.5 c 12.1 + 2.1c 
DL
#
 29.7 + 1.5 a 40.1 + 2.5 a 27.7 + 1.2 a 20.4 + 1.9 a 
AS
*
  25.0 + 1.0 b 36.0 + 0.9 a 20.0 + 1.0 b 16.4 + 0.9 b 
Biochar + AS* 28.7 + 1.1 ab 38.0 + 1.2 a 25.7 + 0.6 a 21.9 + 0.6 a 
# 
DL: digested liquid; 
*
AS: ammonium sulphate; Different letters in each column denote 
significant differences (p<0.05, n=3) according to a Tukey’s HSD test 
 It has been observed that the organic amendments including biochar can 
increase N uptake better than the inorganic fertilizers, and thus also crop yield (Ebid et 
al. 2008). These can also enhance nutrient availability due to the presence of C. Thus, 
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these can also increase the soil fertility by stimulation of the soil microorganisms that 
consequently lead to increase the nutrients recycling (Chan et al. 2007). According to 
Asai et al. (2009) biochar can improve the physical and biochemical properties of the 
soil. The addition of biochar and DL, like other organic materials can enhance nutrient 
availability depending on the soil types (Antil et al. 2011). Additionally, the activities of 
certain enzymes e.g., alkaline phosphatase, aminopeptidase, N-acetylglucosaminidase 
and urease have been reported to increase with the organic matter additions (Bailey et al. 
2010). So, these could be the probable reasons for increasing plant biomass with the 
application of biochar and DL. The presence of micronutrients in DL (Table 2.2b) could 
be another possibility to increase plant biomass in DL treatment. The external 
application of such micronutrients was not done in other treatments. The increase in 
plant biomass could be another reason for increasing CH4 emission by biochar and DL 
application (Table 3.2). Watanabe et al. (1999) have already demonstrated that in rice 
paddies, C supplied from rice plants such as exudates and sloughed off could also be the 
good source of CH4. Initially, C could assimilate to the rice plant and then subjects to 
microbial substrates as sloughed off. Hence, the increase in plant biomass in the form of 
tillers and panicles could be another possibility for high CH4 emission by biochar and 
DL application.   
3.5  Conclusion 
 The application of biochar and digested liquid decreased N2O emission 
significantly, and improved plant biomass up to a certain extent compared to ammonium 
sulphate. Further, higher CH4 emission was recorded by following biochar and digested 
liquid. The increase in plant biomass was another possibility for higher CH4 emission in 
biochar and digested liquid applied pots.  
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Chapter 4 
N2O flux from Komatsuna (Brassica rapa) vegetated soil: A comparison 
between biogas digested liquid and chemical fertilizer 
 
4.1 Abstract 
 A microcosm based study was conducted in order to compare the effects of 
single application of DL or chemical fertilizer (CF) on N2O flux and crop yield of 
komatsuna vegetable. Analysis revealed that DL treated soils released almost equal 
cumulative N2O (0.43 g N m
-2
) compared to CF (0.39 g N m
-2
). The uncropped soils 
treated with the DL and CF released more N2O compared to corresponding cropped 
soils. The N2O emission factor and soil mineral-N contents were similar for the DL and 
CF treated soils. Plant biomass in the 1
st
 crop after DL application was significantly 
higher (5.59 g plant
-1
) than after applied CF (4.78 g plant
-1
); but there was no significant 
difference for the 2
nd
 crop. Nitrogen agronomic efficiency was improved by the DL 
compared to CF. This study indicated that the cumulative N2O flux was similar after the 
application of the DL and CF, while the overall yield from both cropping was increased 
in the DL treated soil compared to CF treated soil.    
4.2  Introduction 
 The addition of organic fertilizers like DL into the soil can counteract 
deterioration in the soil quality (Mishra et al. 2009). Moreover, the use of DL may 
reduce the emission of greenhouse gases including N2O because of a decreased need for 
inorganic fertilizers (Arthurson 2009). Komatsuna is one of the popular leafy vegetables 
grown in Japan and it requires the application of large amounts of N-fertilizers within a 
short period (Ebid et al. 2008). Usually most plants can use less than half of the applied 
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N fertilizer, and the residual N can be leached into groundwater as nitrate, evolved as 
N2O or volatized as ammonia. Therefore, appropriate strategies to mitigate N2O 
emission are essential. The application of compost (Ebid et al. 2008), manure 
(Hayakawa et al. 2009) and coated urea (Amkha et al. 2009) can reduce N2O emission 
and decrease nitrate concentration of the soil. However, there is almost no published 
information on the effects of applying DL as N fertilizer in komatsuna. Therefore, in 
this study, we compared the effects of a single application of DL or chemical fertilizer 
(CF) on N2O flux, soil mineral-N, and yield of komatsuna under two continuous 
croppings. 
4.3  Materials and methods 
4.3.1 Experimental design 
 The experiment was conducted at the soil science experimental field, Graduate 
School of Horticulture, Chiba University, Matsudo, Japan during January to April 2012. 
Komatsuna (Brassica rapa var. perviridis) was cropped twice in plastic containers (42 
cm length x 32 cm width x 30 cm depth) filled with almost 30 kg of soil to make a soil 
depth of 20 cm. The Regosol soil was collected from Kujukuri, Chiba, Japan and had 
following physico-chemical properties: texture: sandy; sand 97.3%; silt 2.7%; and clay 
< 0.01%); pH (H2O) 6.6; electrical conductivity (EC) 21.4 mS m
-1
; total C (TC) 1.19%; 
total N (TN) 0.11%; ammonium-N (NH4
+
-N) 6.5 µgg
-1 
ds; and nitrate-N (NO3
-
-N) 5.4 
µgg
-1 
ds. The chemical properties of the DL were: pH (H2O) 6.4; EC 12,420 mS m
-1
; TC 
0.71%; TN 1.35%; NH4
+
-N 12,836 mg L
-1
; NO3
-
-N 13.6 mg L
-1
; P2O5 11.2 mg L
-1
; and 
K2O 8,352 mg L
-1
.  
 Three treatments were as follows: 1) control with no applied N; 2) DL; and 3) 
CF (8:8:8 N/P/K, mainly consisting of (NH4)2HPO4 and KCl; Daihosuka Co. Ltd., 
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Tokyo, Japan). Calcium superphosphate and KCl were used as source of P and K, 
respectively, in the control and DL treated soils. Application rate for N, P and K in each 
treatment was 12 g m
-2 
(120 kg ha
-1
) except for N application in the control. In addition 
to the three cropped containers, three containers for each treatment were left uncropped 
to compare the N2O emission between cropped and uncropped soils. Both, organic and 
inorganic fertilizers were applied as a single dose two days prior to first seedling 
transplantation. Nine seedlings (14 days old) were transplanted to the containers for 
each cropping. These were thinned to six seedlings per container 12 days after 
transplantation. The first crop was grown from 12 January to 13 March 2012 (61 days). 
Seedlings of second crop were transplanted on the same day of the harvest of the first 
crop, i.e. 13 March and grown until 25 April 2012 (43 days). The water content in the 
containers was maintained by keeping the soil pF between 0.7 and 2.14 throughout the 
entire experiment.  
4.3.2 Gas sampling and analysis 
 The gas samples from each container at 5 to 13 days intervals were collected by 
closed chamber method using a chamber (height 20 cm; and diameter 17.4 cm). The 
chamber base was settled in the center of each container on the day of fertilizer 
application and kept in place until the end of the experiment. At each measurement, 
three samples were pulled from sampling chamber into disposable syringes at 0, 10 and 
20 minutes intervals after putting the top on the chamber base; then samples were 
immediately transferred into pre-evacuated vials. Collected air samples were analysed 
for N2O concentration by a gas chromatograph with an electron capture detector 
(GC-14B; Shimadzu, Kyoto, Japan) equipped with Porapak-Q (80/100 mesh) column 
(Amkha et al. 2009). The N2O flux (μg m
-2
 h
-1
) was calculated from the temporal 
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increase in gas concentration inside the chamber per unit time. The cumulative N2O 
evolutions from the cropped and uncropped containers were calculated by multiplying 
the daily fluxes at each measurement for the time interval and then by summing up the 
obtained values. The emission factor (EF) was calculated as the ratio between the 
difference of the total N2O flux from the fertilized soil minus the total N2O flux from 
the control soil and the total amount of N fertilizer applied to soil (Amkha et al. 2009).  
4.3.3  Soil sampling, chemical analysis, and plant biomass 
 Soil samples (in triplicate) were collected (rhizospheric soils in cropped 
containers; and non-rhizospheric in uncropped containers) from the 0-20 cm layer 32 
days after first seedling transplantation, and at the end of each cropping. Soil samples 
were analysed for NH4
+
-N and NO3
-
-N contents after soil extraction with 1M KCl 
solution (1:5; soil: solution) by using the nitroprusside and hydrazine-reduction methods, 
respectively (Carole and Scarigelli 1971; Anderson and Ingram 1989). The dry weight 
of the harvested shoots was measured after drying the plant materials at 80℃ for 7 days 
in a forced air-oven. Yield (g m
-2
) for cropped containers was calculated by summing up 
the dry weight of both crops. Nitrogen agronomic efficiency (NAE) was calculated as 
the ratio of yield with the applied N minus yield of the control to the total amount of the 
applied N. 
4.3.4  Statistical analyses 
 Statistical analysis was performed in order to determine the effect of treatments 
on observed parameters. Significance of treatments was tested by One-way Analysis of 
Variance (ANOVA), and Tukey’s HSD test was applied to compare differences among 
treatments means at a probality level of P<0.05. All the statistical analyses were 
completed using SPSS Statistics 20 (IBM, New York, USA). 
  
56 
4.4  Results and discussion 
4.4.1 Effect of N fertilizers on N2O flux 
 The highest N2O flux in each treatment occurred at 7 days of first seedling 
transplantation (Fig. 4.1). Uncropped soil emitted more N2O than the cropped soil 
(Fig.4.1; Table 4.1). The DL treated soil evolved more N2O than the CF treated soil in 
first 14 days in both cropped and uncropped soils (Fig. 4.1). The cumulative N2O 
evolution over the 104 days of the experiment was the lowest in the control, while there 
was no significant difference between the DL and CF treated soils in either the cropped 
or uncropped treatments (Table 4.1). The emission factor (EF) was similar for the DL 
and CF treated soils. The cumulative N2O evolution in the cropped soil during the first 
14 days was 6.0 mg m
-2
 (23.6% of the total N2O flux) for the control, 224.5 mg m
-2
 
(51.9% of the total N2O flux) for the DL treated soil and 193.5 mg m
-2
 (50.2% of the 
total N2O flux) for the CF treated soil. Over the same period the cumulative N2O 
evolution was higher in the uncropped soil than in the cropped soil for each treatment: 
70.2 mg m
-2
 (84.3% of the total N2O flux) for the control, 305.8 mg m
-2
 (56.6% of the 
total N2O flux) for the DL and 266.6 mg m
-2
 (51.6% of the total N2O flux) for the CF.  
 N2O is produced in soil mainly by the microbial processes of nitrification and 
denitrification under the control of many factors, including mineral N and available C 
contents, O2 partial pressure, soil moisture, pH and temperature etc. (Inubushi et al. 
1996; Hayakawa et al. 2009). There are reports of increases in N2O emission just after 
the application of conventional N fertilizer because the nitrification process is active 
after NH4
+
-N application to agricultural soils (Amkha et al. 2009). Present study also 
showed the higher N2O evolution during the initial stage of the experiment. The water 
content in the containers was kept similar for all treatments, and the soil pF ranged 
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between 0.7 and 2.14 (Fig. 4.2) during the entire experiment. As pF increases, water 
holding or retention capacities of soils increase. The soil pF in the present experiment 
indicates that the water content was kept between 60 and 70% water holding capacity 
(WHC) (Goyal et al. 2000). Nitrification is the main process for N2O production at 
60-80% WHC, while denitrification is the major contributor at 90-100% WHC 
(Inubushi et al. 1996, 1999). The effect of the soil moisture can be clearly seen at day 0 
and day 7 of the experiment in each treatment of both the cropped and the uncropped 
soils (Fig. 4.1). The soil temperature was almost the same at day 0 and day 7 (Fig. 4.2) 
but the increase in the soil moisture at day 7 of the experiment caused increase in N2O 
evolution in each cropped and uncropped soil (Fig. 4.1). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 N2O flux from the applied N and planting treatments for two consecutive 
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Fig. 4.2 Soil temperature and soil pF throughout the entire experiment  
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soil (Kamewada 2007). Denitrifying organisms may use this C as electron donors 
(Aulakh et al. 1992). In the present study, availability of C along with N in the DL may 
have contributed to the increased N2O evolution in the initial stage of the experiment. 
The C/N ratio in the DL was low (0.52) in the present study and it can be compared to 
thin stillage slurry (TS) which has also a low C/N ratio. Alotaibi and Schoenau (2013) 
observed a decline in the N2O emission in TS treated soil towards the end of the 
experiment due to the depletion of C and N. A similar phenomenon might have occurred 
in the present study since an equal or lower N2O evolution occurred in the later stages in 
the DL applied soils compared to the CF applied soils (Fig. 4.1). In contrast to the two 
applied N treatments in the cropped and the uncropped soils, the control soil evolved the 
lowest amount of N2O (Table 4.1) which was expected due to the absence of additional 
N. The lower N2O evolution by the cropped soil compared to the uncropped soil in each 
treatment indicates the utilization of added fertilizers by the crop (Table 4.1). One small 
peak at day 7 in the uncropped control soil (Fig. 4.1) might be due to the increase in 
microbial activity responsible for the N cycle. The increase in the mineralization 
process might have caused the increase in N2O evolution in the absence of plants to 
balance the N cycle, while available nutrients would have been utilized by the crop of 
the cropped control soil. 
4.4.2 Variation in soil mineral-N 
It was expected that NH4
+
-N and NO3
-
-N contents of soils would decrease with 
time because only a single application of fertilizer was applied (Table 4.1). Nitrate-N 
content was always higher than NH4
+
-N content of the cropped and uncropped soils. 
Both NH4
+
-N and NO3
-
-N contents of the control soil was always lower than in the DL 
and CF treated soils; while the latter two were not significantly different from each 
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other (Table 4.1). It is known that ammonia in the DL can volatilize under aerobic 
conditions (Watanabe et al. 2012). Ammonia volatilization was not measured in the 
present study and it can be inhibited if the DL is incorporated into the soil rather than 
applied on the soil surface (Nakamura et al. 2012). Due to this fact, each fertilizer was 
thoroughly mixed with soils to minimize NH4
+
 volatilization. At days 32, NO3
-
-N 
content was higher than the initial level of each soil before fertilizer application, and 
was also higher than NH4
+
-N content of each soil. This indicates that nitrification 
mainly occurred in the initial stages and could have contributed to the higher N2O 
evolution in the initial than later stages. The decrease in NH4
+
-N and NO3
-
-N content of 
soil after 32 days indicates that probably denitrification occurred along with nitrification. 
Muller et al. (2004) reported that NO3
-
-N reduction through denitrification is the 
predominant mechanism responsible for N2O production even under aerobic soil 
conditions. Thus, despite favorable conditions for nitrification, temporary anaerobic 
microsites may have been present causing denitrification (Cannavo et al. 2004). The 
lower NO3
-
-N in the cropped soils than in the uncropped soils also indicates nutrient 
uptake by the crop (Table 4.1). 
4.4.3  Plant biomass and crop yield 
The crop yield was significantly lower in the control than in the DL and CF 
treatments (Table 4.1). This was due to the lack of external N application in the control 
soil because N is the most common factor limiting plant growth in farming systems 
(Moller and Stinner 2009). Dry weight of the first crop was the highest in the DL treated 
containers, but there was no significant difference between the DL and CF treated 
containers in the second crop (Table 4.1). Dry weight of the second crop was lower than 
the dry weight of the first crop in each treatment. A previous report also suggests that 
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vegetable dry matter can decrease in consecutive cropping under single fertilizer 
application (Ebid et al. 2008). However, the first and second crops were harvested after 
61 and 43 days of transplantation, respectively. The expected growing season of 
komatsuna is around 40 days, depending on weather and variety of komatsuna (Ebid et 
al. 2008; Amkha et al. 2009). In this study, the first crop was grown for a longer period 
than the second crop due to the colder winter season, as indicated by the lower soil 
temperature (Fig. 4.2). The overall yield summing both crops was higher in the DL than 
in the CF treated soil. Nitrogen agronomic efficiency was also significantly higher in the 
DL than in the CF treatment (Table 4.1). Walsh et al. (2012) reported a significant 
increase in the grass and grass/clover mix plant yield with the application of a similar 
kind of digested liquid. They also reported no adverse effect on the bacterial and fungal 
community in comparison with mineral fertilizers. It has been observed that the organic 
fertilizers can increase N uptake better than the inorganic fertilizers (Ebid et al. 2008), 
and thus also crop yield. The DL, like other organic materials can also enhance nutrient 
availability depending on the soil type (Antil et al. 2011). The inputs of organic C can 
increase soil fertility by stimulating soil microorganisms, and thus increasing nutrient 
recycling (Chan et al. 2007; Antil et al. 2009). Additionally, the activities of certain 
enzymes e.g., alkaline phosphatase, aminopeptidase, N-acetylglucosaminidase and 
urease have been reported to increase with the organic matter additions (Bailey et al. 
2010). The presence of micronutrients in DL (Table 2.2b) could be another possibility to 
increase the crop yield by following its application. The external application of such 
micronutrients was not done in other treatments. 
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Table 4.1 Variations in different parameters due to the application of the digested liquid 
and the chemical fertilizer 
 
Parameters Cropped soil Uncropped soil 
Treatments Control Digested 
liquid 
Chemical 
fertilizer 
Control Digested 
liquid 
Chemical 
fertilizer 
Cumulative 
N2O evolution  
(g N m-2) 
0.03 + 0.01 b 0.43 + 0.14 a 0.39 + 0.05 a 0.08 + 0.01 y 0.54 + 0.11 x 0.52+0.01 x 
EF1 (%) - 3.35 2.96 - 3.83 3.64 
NH4
+-N         
(µg g-1ds)        
(32 days) 
6.9 + 0.7 b 32.3 + 2.3 a 31.8 + 0.9 a 10.9 + 0.7 y 42.3 + 2.3 x 41.8 + 0.9 x 
NO3
--N         
(µg g-1ds)        
(32 days) 
8.1 + 0.2 b 75.7 + 6.4 a 68.5 + 1.9 a 12.8 + 0.2 y 95.9 + 2.9 x 89.6 + 1.3 x 
NH4
+-N        
(µg g-1ds)        
(61 days) 
2.5 + 0.6 b 5.2 + 0.9 a 5.4 + 0.8 a 4.0 + 0.1 y 15.2 + 0.9 x 15.4 + 0.8 x 
NO3
--N          
(µg g-1ds)        
(61 days) 
1.2 + 0.1 b 2.7 + 0.2 a 2.6 + 0.1 a 4.9 + 0.1 y 9.6 + 0.9 x 10.5 + 1.4 x 
NH4
+-N         
(µg g-1ds)        
(104 days) 
0.5 + 0.1 b 0.7 + 0.1 a 0.6 + 0.01 a 2.0 + 0.6 y 5.8 + 0.1 x 5.6 + 0.1 x 
NO3
--N         
(µg g-1ds)              
(104 days) 
1.0 + 0.1 b 1.5 + 0.2 a 1.3 + 0.1 a 1.4 + 0.1 y 8.4 + 0.3 x 9.1 + 0.6 x 
Dry weight 
(g plant-1)      
(Ist crop) 
2.23 + 0.26 c 5.59 + 0.16 a 4.78 + 0.09 b - - - 
Dry weight 
(g plant-1)     
(2nd crop) 
1.08 + 0.08 b 2.79 + 0.62 a 1.96 + 0.21 a - - - 
Yield #(g m-2) 191 + 13 c 458 + 14 a 389 + 09 b - - - 
NAE* - 22.2 + 0.6 a 16.5 + 1.8 b - - - 
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1
EF: Emission factor. 
#
Yield was calculated by summing up the dry weight of both 
crops.
*
NAE: nitrogen agronomic efficiency 
Different letters in each row denote significant differences (p<0.05) among the 
treatments according to a Tukey’s HSD test. Mean value + standard deviation (n=3) 
 
4.5  Conclusion 
The effect of digested liquid on N2O evolution and the soil mineral-N content 
was almost equal to that of the chemical fertilizer. However, the digested liquid treated 
soils had higher the overall yield by considering the two crops. This indicates that 
komatsuna cropping under fertilization with the digested liquid can be a possible 
solution for fertilizer management even if a field experiment is needed.  
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Chapter 5 
Effect of digested liquid and varying concentrations of biochar on CH4 
flux, methanogenic archaeal diversity, soil microbial biomass and 
chemical properties in paddy microcosm  
 
5.1  Abstract 
 A microcosm-based study was conducted to evaluate the effects of DL and 
varying concentrations of biochar on CH4 flux, associated methanogenic archaeal 
community, soil chemical and microbial properties, and plant biomass in paddy soil. DL 
was applied as a source of N in biochar treatment. Our results showed that biochar at 
low concentration (BL) emitted equal cumulative CH4 flux compared to chemical 
fertilizer (CF) treated soil; while the application of DL without biochar decreased its 
emission, significantly. Biochar at medium concentration (BM) and high concentration 
(BH) significantly increased CH4 flux compared to other treatments, and it increased 
with the increase in biochar concentration. The NH4
+
-N content of the soil decreased in 
DL treatment compared to CF treatment; while BL and CF treated soil had equal 
NH4
+
-N content, and it increased significantly in BM and BH treated soils due to more 
reducible conditions in the soil which prevented NH4
+
-N conversion to NO3
-
-N. The 
application of biochar significantly increased permanganate oxidizable carbon (POXC), 
soluble organic carbon (SOC) and microbial biomass carbon (MBC) content of the soils; 
while these were not significantly different in DL and CF treatment. The soluble total 
nitrogen (STN) was decreased in DL treatment; while the application of biochar had no 
significant difference with CF treatment. The microbial biomass nitrogen (MBN) 
content was increased significantly in each treatment compared to the control soil and 
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each treatment was not significantly different from each other. POXC content of biochar 
applied soils was increased significantly at harvest time compared to other treatments. 
Paddy plant biomass such as shoot weight, panicle numbers and weight of panicles were 
decreased in DL applied containers compared to CF applied containers; while these 
were not significantly different between BL and CF treatment. All the observed 
parameters related to plant biomass were significantly higher in BM and BH treated 
containers compared to other treatments. The cumulative CH4 evolution g
-1
 yield was 
increased significantly in BH treatment whereas all other treatments were not 
significantly different from each other. Denaturing Gradient Gel Electrophoresis 
(DGGE) revealed all methanogenic groups with dominance of Methanosaetaceae and 
Methanocellales groups, whereas no difference was found in methanogenic archaeal 
diversity among any treatment or the control soil. Thus, the increase in CH4 flux with 
the application of varying concentrations of biochar or the decreases in CH4 flux with 
the application of DL is possibly due to the variation in the soil variables and plant 
biomass without affecting methanogenic archaeal diversity.  
5.2  Introduction 
 In our previous reports, it has been observed that the application of biochar can 
increase CH4 emission under waterlogged conditions (Singla and Inubushi 2013 a; 2014 
b). The application of DL also increased CH4 emission in paddy vegetated soil (Singla 
and Inubushi 2013b). Moreover, biochar and DL were found to decrease N2O emission 
in paddy vegetated soil (Singla and Inubushi 2013b; 2014b). Both were also found to 
show positive impacts on the paddy plant biomass. It was also concluded that N2O 
emission is negligible compared to CH4 emission under waterlogged conditions 
irrespective of the treatments (Singla and Inubushi 2013a, b; 2014b). The application of 
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biochar along with ammonium sulfate didn’t inhibit CH4 emission probably due to the 
adsorption of sulfate on biochar (Singla and Inubushi 2014b). On the basis of these 
observations, we hypothesized that the application of biochar will enhance CH4 
emission in the paddy soil and it should depend on the biochar concentration rather than 
the type of N-fertilizer. The C:N ratio (C from biochar: N from ammonium sulfate) used 
in the previous study was around 4.95 (Singla and Inubushi 2014b).  
 In this chapter, we used the varying concentrations of biochar along with the 
DL as N-fertilizer. Moreover, in our previous reports, we used only single application of 
each fertilizer under paddy cropping. In the present study, we used split applications of 
fertilizers except biochar which is more closely related to the field situations. The 
objectives of the present study were to see the effects of varying concentrations of 
biochar, DL without any biochar or CF on CH4 flux, soil microbial and chemical 
properties, methanogenic archaeal community and paddy plant biomass compared to 
chemical fertilizer. 
5.3  Materials and methods 
5.3.1  Experimental design 
 The experiment was conducted at the soil science experimental field, Graduate 
School of Horticulture, Chiba University, Matsudo, Japan during 15 May to 11 
September 2012. The physico-chemical properties of the soil have been mentioned in 
chapter 4.3.1. The production process of biochar and DL was same as explained in 
chapter 3.3.1. Biochar had the similar composition as mentioned in Table 2.2a. The 
chemical properties of the DL were: pH (H2O) 6.24; EC 12,320 mS m
-1
; TC 0.71%; TN 
1.49%; NH4
+
-N 14,900 mg L
-1
; NO3
-
-N 0.30 mg L
-1
; P2O5 11.2 mg L
-1
; and K2O 37,400 
mg L
-1
.  
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 Plastic containers were used as explained in chapter 4.3.1. Six treatments in 
triplicate were as follows: 1) Control; 2) CF. In the control and CF treated soils, 
commercial fertilizer (8:8:8 N/P/K, mainly consisting of (NH4)2HPO4 and KCl; 
Daihosuka Co. Ltd., Tokyo, Japan) was used as NPK source. The application rate for N, 
P and K in CF treated soil was 12 g m
-2 
(120 kg ha
-1
) and it was applied in 3 split doses: 
40% as basal dose, 40% at 46 DAT, remaining 20% at 82 DAT; while only 40% basal 
application of the same fertilizer was given in the control soil. 3) DL as N source at 12 g 
N m
-2 
(120 kg N ha
-1
); 4) Biochar low (BL): DL same as treatment no. 3 + biochar at 18 
g C m
-2 
(C/N ratio 1.5); 5) Biochar medium (BM): DL same as treatment no. 3 + biochar 
at 36 g C m
-2 
(C/N ratio 3.0) and 6) Biochar high (BH): DL same as treatment no. 3 + 
biochar at 72 g C m
-2 
(C/N ratio 6.0). Calcium superphosphate was used as P source to 
make a total concentration of P at 12 g P m
-2
 in treatment 3, 4 and 5. The DL in 
treatments 3-6 was applied as similar with CF treatment. The whole quantity of biochar 
in treatments 4-6 was applied as basal dose only. The basal dose of each treatment was 
applied 2 days prior to seedling transplantation. After 2 days of basal application, each 
container was made flooded with water and then a total of 12 rice seedlings (21 days old) 
in 4 hills, each having 3 seedlings, were transplanted to each container and it was 
considered as 0 DAT. All the containers were kept under continuous flooded conditions, 
and drained one week prior to the harvest. 
5.3.2  Gas sampling and analysis 
 The gas samples from each container at 6 to 10 days intervals were collected by 
closed chamber method using a chamber (height 100 cm; and diameter 17.4 cm). To 
avoid the soil surface disturbances in containers, a chamber base having same diameter 
with gas sampling chambers was also settled in the center of each container on the day 
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of fertilizer application and kept in the place until the end of the experiment. One of the 
rice hills was transplanted inside this chamber base area and always used to withdraw 
gas samples after placing the chamber on chamber base. At each measurement, three 
samples of the chamber air were pulled at 0, 10 and 20 minutes using disposable 
syringes and then immediately transferred to evacuated vacuum vials. Collected air 
samples were analysed for CH4 concentration by the gas chromatograph as explained in 
chapter 3.3.2.  
5.3.3  Soil redox potential 
The soil redox potential (Eh) in each container was monitored prior to gas 
sampling over the rice-growing season. In each container, platinum-tipped electrode 
was inserted into the soil after the basal application of each treatment and remained 
there throughout the cultivation period. The soil Eh was determined using a portable 
ORP meter (Model PRN-41, Fujiwara Scientific Company, Tokyo, Japan). 
5.3.4  Soil chemical, microbial biomass and plant biomass analysis 
 The Soil samples (in triplicate) were collected from the 0-20 cm layer 07, 53 
and 112 DAT. The collected soil samples were analysed for NH4
+
-N and NO3
-
-N 
contents after soil extraction with 1M KCl solution (1:5; soil:solution) as explained in 
chapter 2.3.1.  
 The soil microbial biomass carbon (MBC) and microbial biomass nitrogen 
(MBN) were measured using the chloroform fumigation-extraction method (Vance et al. 
1987). Before analysis, soil samples were pre-incubated at 25℃ for 72 h in an incubator 
to stabilize microbial activities (Vance et al. 1987). After that, the soil samples were 
fumigated with alcohol free chloroform for 24 h in sealed desiccators. Fumigated and 
unfumigated soil samples were extracted with 0.5 M K2SO4 (1:5; soil:solution). The 
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concentration of organic C in the soil extracts was determined using a TOC analyzer 
(TOC-5000, Shimadzu, Kyoto, Japan). The MBC was calculated using the equation 
MBC = 2.22 x EC, where EC = organic C extracted from fumigated soils - organic C 
extracted from unfumigated soils. Soluble organic carbon (SOC) was determined as 
organic C extracted from unfumigated soils. The N in the soil extracts was determined 
using the peroxide-disulfate digestion/colorimetric method (Sakamoto and Hayashi 
1999). The MBN was calculated based on the equation MBN = 2.47 x EN, where EN = 
soluble total N extracted from fumigated soils – soluble total N extracted from 
unfumigated soils. Soluble total nitrogen (STN) was determined as soluble total N 
extracted from unfumigated soils. The POXC content of harvest day soil samplings was 
calculated as described in chapter 2.3.1.   
 The dry weight of the harvested plants was measured after drying the plant 
materials at 80 ℃ for 7 days in a forced air-oven. Cumulative CH4 emission g
-1
 yield 
was calculated by dividing the obtained values of cumulative CH4 emission (g m
-2
) to 
the obtained values of yield. 
5.3.5  DNA extraction from soils and Polymerase Chain Reaction (PCR) 
amplification and DGGE (Denaturing Gradient Gel Electrophoresis) analysis 
 The soil samples for DNA extraction from each container were collected at 77 
DAT (Fig. 5.9). The procedure of DNA extraction, PCR amplification (Fig. 5.10) for 
methanogens and DGGE analysis was similar as explained in chapter 2.3.4 and 2.3.5. 
5.3.6  Sequence analysis of DGGE bands     
 Most of the visible DGGE bands (27) were excised from DGGE gel with 
sterilized 1.0 mL pipette tips. Each band was suspended in 1.5 mL tube containing 30 
µL TE buffer and incubated overnight at 4℃ in order to allow the DNA fragments to 
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diffuse into the buffer. The resultant solution (aliquot) was then used as a template for 
re-amplification of the target gene. In order to get the single band, entire DGGE 
procedure was repeated twice named as mobility test. The PCR product of 1
st
 DGGE 
result was used as template in first mobility test, and 2
nd
 mobility test was performed 
with the PCR product of 1
st
 mobility test.    
 Re-amplified PCR products with oligonulcotides1106F (without GC)/1378R 
were used as template for sequencing reactions performed with Automated Sequencer 
(3730 X L DNA Analyzer, Applied Biosystems, USA) using BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems, USA). Sequencing was done by 
outsourcing (TaKaRa Bio Drgon Genomics, Yokkaichi, Japan). Close relatives and 
phylogenetic affiliation of the sequences obtained were determined by using the Basic 
Local Alignment Search Tool (BLAST) search programme at the NCBI website 
(www.ncbi.nlm.nih.gov). A phylogenetic tree was constructed by 1000-fold bootstrap 
analysis using the neighbor-joining method, Clustal W program with the Molecular 
Evolutionary Genetic Analysis software (MEGA 5.2; Tamura et al. 2007). 
5.3.7  Nucleotide sequence accession numbers 
 All sequences determined in this study are deposited to the NCBI databases 
under accession numbers KF423358 to KF423384. 
5.3.8  Statistical analyses 
 Statistical analysis was performed in order to determine the effect of treatments 
on observed parameters. Significance of treatments was tested by One-way Analysis of 
Variance (ANOVA), and Tukey’s HSD test (at P< 0.05) was applied for the differences 
in mean values. All the statistical analyses were completed using SPSS Statistics 20 
(IBM, New York, USA). 
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5.4  Results and discussion 
5.4.1  CH4 flux and soil mineral-N  
 The highest CH4 evolution for each treatment occurred at 99 DAT; while it was 
almost stationary from 91-99 DAT for the control soil (Fig. 5.1). It was almost 
negligible in each soil before the addition of second dose of fertilizers. The control soil 
evolved the lowest CH4 compared to other treated soils throughout the entire 
experiment; while it was the highest in BH treated soil. CH4 evolution in each soil either 
became stationary or decreased after 99 DAT. A sharp decline in CH4 evolution occurred 
after drainage in each soil (Fig. 5.1).  
 
 
 
 
 
 
 
 
 
Fig. 5.1 The pattern of variation in CH4 flux (mean + SD, n=3) across the different 
treatments in paddy vegetated soils 
 The soil Eh was in positive values at 0 DAT and reached in negative values at 
22 DAT in each soil (Fig. 5.2). In the control soil, it decreased rapidly up to 55 DAT; 
while it decreased rapidly up to 65-75 DAT for other treatments, and then became 
comparatively stabilized with little more decrease up to 105 DAT. CF and DL treated 
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soils had more negative values of soil Eh than the control soil. Biochar treated soils had 
the lowest values of soil Eh than all other treatments. The soil Eh showed drastic change 
after drainage and became positive at 112 DAT which also caused sharp decline in CH4 
evolution in each soil (Fig. 5.1, 5.2). The cumulative CH4 evolution over 112 days of 
the experiment was significantly highest in BH treated soil; while it was the lowest in 
the control soil (Table 5.1). The cumulative CH4 evolution in DL treated soil was 
significantly higher than the control soil and significantly lower than other treatments. 
The CF and BL treated soil had equal cumulative CH4 evolution and it was significantly 
lower than BM treated soil (Table 5.1). 
   
  
 
 
 
  
 
Fig. 5.2 The soil Eh (mv) across the different treatments throughout the entire 
experiment in paddy vegetated soils 
 The soil NH4
+
-N content was the maximum at 07 DAT irrespective of the 
treatments (Fig. 5.3). It was almost in the same range at 53 and 112 DAT within the 
same treatment. As expected, the control soil had the lowest NH4
+
-N content at 53 and 
112 DAT. The control soil and CF treated soil were not significantly different at 07 DAT 
and both were significantly higher than DL treated soil. At 53 and 112 DAT, DL treated 
soil was significantly higher than the control soil and significantly lower than other 
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treatments. The application of biochar retained NH4
+
-N in the soil and these were 
comparable to CF treatment (Fig. 5.3). The soil NO3
-
-N content was the maximum at 
112 DAT irrespective of the treatments (Fig. 5.4). It was not significantly different for 
either soil at 07 DAT; while CF and DL treated soil were significantly higher than other 
treatments at 53 and 112 DAT, and both were not significantly different with each other. 
The application of biochar significantly decreased soil NO3
-
-N content. The soil NH4
+
-N 
content was higher than NO3
-
-N content within the same treatment at each measurement 
(Fig. 5.3, 5.4). 
 
 
 
 
 
 
Fig. 5.3 Variations in the soil NH4
+
-N contents (mean + SD, n=3) across the different 
treatments 
  
 
 
 
 
 
Fig. 5.4 Variations in the soil NO3
-
-N contents (mean + SD, n=3) across the different 
treatments 
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 It has been reported that CH4 flux in rice paddy fields is quite higher at panicle 
initiation or maturation which is in accordance with the present study (Yagi and Minami 
1990; Minamikawa et al. 2005; Feng et al. 2012). The emission through plants may be 
expected to show great seasonal variations tied to environmental changes in the soil 
conditions and variation in plant growth stage, ultimately causing certain peaks for high 
CH4 emission (Minami 1994). Minamikawa et al. (2005) also observed similar pattern 
for high CH4 evolution and attributed it to increased anaerobic environment in the soil 
due to continuous waterlogged conditions (Fig. 5.1, 5.2). It disappeared with drainage 
which provided aerobic environment in the soil causing inhibition of CH4 emission 
(Minamikawa et al. 2005; Fig. 5.1, 5.2). Watanabe et al. (1999) have already 
demonstrated that in rice paddies, C supplied from rice plants as exudates and sloughed 
off could also be a good source of CH4. Initially, C could assimilate into the rice plant 
and then as substrate to the microbes when sloughed off. Hence, the increase in plant 
biomass could be another possibility for high CH4 emission irrespective of the 
treatments (Fig. 5.1). Methane is emitted mostly through the vascular system of the rice 
plant, which also supplies O2 to the roots and adjacent rhizospheric area. In the wetland 
soil, CH4 and O2 influence CH4 oxidation by methanotrophs (Bodegom et al. 2001). The 
presence of O2 in the soil is directly influenced by the soil water content and the 
capacity of the rice plant to transport O2 from the atmosphere through foliage to the root 
region by diffusion. Hence, CH4 oxidation can only be effective at very specific 
micro-sites within a rice plant (Bodegom et al. 2001). The flooding of rice field may 
limit the presence of O2 in the surrounding rhizosphere causing anaerobic conditions in 
the soil and resultant higher CH4 concentration due to enhanced methanogenic activity. 
 As similar to our previous report (Singla and Inubushi 2014b, Chapter 3), labile 
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organic C pool of biochar could be decomposed and it may become the predominant 
source of methanogenic substrates, thus promoting CH4 production (Knoblauch et al. 
2008, 2011). The availability of more C could be one of the responsible reasons for the 
observed enhancement in CH4 flux with increased biochar concentration (Fig. 5.1, 5.5). 
Another probable reason could be the more reducing conditions of the soil following 
biochar application (Fig. 5.2). The feedstock source and chemical properties of biochar 
may also have an influence on CH4 production (Zwieten et al. 2009). It is well known 
that multiple factors contribute to CH4 emissions in biochar treated soils.  
 The presence of NH4
+
-N in the soil is one of the important factors controlling 
the CH4 production under waterlogged conditions. It has been demonstrated that the 
existence of NH4
+ 
can stimulate CH4 emission from rice paddy fields due to the 
competition of NH4
+ 
for the oxidation with CH4 by methanotrophs (Mosier et al. 1991). 
So, CH4 emission should increase with increase in NH4
+
-N content of the soil. In the 
present study, biochar and CF treated soil always had higher NH4
+
-N content than DL 
treated soil (Fig. 5.3), hence, the CH4 emission (Fig. 5.1). There is always a risk of 
NH4
+
-N volatilization in DL and it could increase under surface spreading rather than 
incorporation into the soil (Moller and Stinner 2009; Watanabe et al. 2012). Ammonia 
volatilization was not measured in the present study, however, it is assumed to be one of 
the primary reasons for lower NH4
+
-N content of the DL treated soil compared to CF 
and biochar treated soil. This loss might have increased under both split doses 
application as these were applied as surface spreading. The application of biochar 
helped in retaining the soil NH4
+
-N (Fig. 5.3). So, the higher NH4
+
-N content of biochar 
and CF treated soil caused higher CH4 evolution as well as higher cumulative CH4 
evolution compared to DL treated soil; while it was inhibited under the N-limitation in 
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the control soil (Fig. 5.1). The C/N ratio in DL is generally low (Moller and Stinner 
2009; Watanabe et al. 2012) and in our study also, it was 0.47, which might not be 
enough to increase CH4 emission under NH4
+
-N loss in DL treatment. The observed 
decrease in NH4
+
-N content of each treatment after 07 DAT might be due to the 
microbial uptake. Another reason for decrease in NH4
+
-N could be the uptake by plant 
because N is the most common factor limiting plant growth in the farming systems 
(Singla et al. 2013). The reason for not getting the significant differences in NH4
+
-N 
within the same treatment at 53 and 112 DAT might be due to the split dose application 
of fertilizers. The NO3
-
-N contents of each soil was the highest at 112 DAT compared to 
07 and 53 DAT (Fig. 5.4). It may be because of one week drainage prior to the harvest 
which provided oxidizing conditions and might have enhanced nitrification process 
responsible for higher NO3
-
-N contents of soils at 112 DAT. Some of the previous 
studies also state that biochar could adsorb ammonium ions, alter nitrification and 
provide reducing conditions in the soil (Miller et al. 2011). In our study, these might be 
the possibilities which caused increase in NH4
+
-N and decrease in NO3
-
-N contents of 
the soils by following biochar. 
5.4.2  SOC, MBC, STN, MBN and POXC 
The SOC and MBC contents of soils were the maximum at 53 DAT 
irrespective of the treatments. Both were the lowest at 07 DAT (Fig. 5.5, 5.6). The SOC 
content of each soil decreased at 112 DAT compared to 53 DAT. The control soil had the 
lowest SOC compared to other treatments. It significantly increased with the increase in 
biochar concentration except for BL and BM at 07 DAT (Fig. 5.5). The SOC contents in 
CF and DL treated soils were not significantly different from each other at any 
measurement (Fig. 5.5). The MBC content was not significantly different for either 
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treated soil at 07 DAT. It also decreased after 53 DAT but the decrease was not uniform 
for all treatments (Fig. 5.6). The DL and CF treated soils were not significantly different 
with each other at any measurement. The MBC content was increased with the increase 
in biochar concentration and it was the highest in BM and BH treated soils (Fig. 5.6).  
 
 
 
 
 
 
 
Fig. 5.5 Changes in the soil SOC contents (mean + SD, n=3) across the different 
treatments 
   
 
 
 
 
 
 
Fig. 5.6 Changes in the soil MBC contents (mean + SD, n=3) across the different 
treatments 
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STN content at 53 and 112 DAT. DL treated soil had significantly lower STN content 
than CF treated soil at 53 DAT; while it was not significantly different at 112 DAT. The 
application of biochar increased the STN contents, and BL and BM were comparable to 
CF treatment; while it was the highest in BH treated soil (Fig. 5.7). The MBN content of 
soils were almost in the same range at 07 and 53 DAT, and decreased at 112 DAT (Fig. 
5.8). No significant difference was observed for MBN content of either treated soils and 
each was significantly higher than the control soil (Fig. 5.8).   
 
 
 
 
 
 
Fig. 5.7 Changes in the soil STN contents (mean + SD, n=3) across the different 
treatments 
 
 
 
 
 
 
 
Fig. 5.8 Changes in the soil MBN contents (mean + SD, n=3) across the different 
treatments 
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 The POXC content of the harvest day soil sampling was the highest in biochar 
treated soil; while DL and CF treated soils were not significantly different from each 
other (Table 5.1). 
  The microbial biomass has been assigned important roles in paddy soils as a 
nutrient pool, driving force of nutrient turnover and early indicator of soil/crop 
management (Shibahara and Inubushi 1997). MBC is one of the most important 
microbial biomass parameter under waterlogged conditions as it is the most labile 
fraction of the soil organic matter in rice soils, accounted for only 2-3.5% of the total 
organic C (Nayak et al. 2007). It has also been shown that SOC and MBC could be the 
highest at the maximum tillering stage due to the enhanced quantity of root exudates 
that can act as additional C-substrate for microbes (Nayak et al. 2007). The same 
possibility might also be responsible for the highest SOC and MBC at 53 DAT in the 
present study (Fig. 5.5, 5.6). On the contrary, low root exudation at grain filling stage 
(Aulakh et al. 2001) coupled with higher plant uptake of nutrient, can affect the MBC 
content in a negative manner and might have caused decrease in SOC and MBC 
contents at 112 DAT (Fig. 5.5, 5.6). Biochar which acts as a slow C release source 
(Wardle et al. 2008) enhanced SOC in the present study. The increase in SOC content by 
biochar application could be one of the probable reasons for getting high CH4 flux in 
biochar treated soils (Fig. 5.1). The average value of SOC and POXC contents of DL 
treated soil were the higher than CF treated soil but both were not significantly different. 
It could be because of low C inputs by DL application which might not be enough to 
bring any significant changes in SOC and POXC contents of DL treatment compared to 
CF treatment. It has been demonstrated that anoxic conditions might cause a reduction 
in labile N pools which results in the shrinkage of STN and MBN of the soil (Reichardt 
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et al. 1997). This might be the reason for the decrease in STN with the progress of the 
time, and MBN at 112 DAT (Fig. 5.7, 5.8). The STN content of DL treated soil was 
lower than CF treated soil at 07 and 53 DAT probably due to lower NH4
+
-N content in 
DL treated soil (Fig. 5.3); while N limitation at 112 DAT either due to plant uptake or 
microbial uptake caused no significant difference in STN content (Fig. 5.7). The 
increase in STN content by the application of biochar could also be due to the increase 
in NH4
+
-N contents of the soils. Biochar, itself is also believed to slow release of N 
(Wardle et al. 2008). So, the slow N release as well as low N content in biochar itself 
might not be enough to bring any significant changes in MBN (Fig. 5.8) but only 
increased STN by a certain extent (Fig. 5.7). 
5.4.3  Phylogenetic identification of methanogenic archaeal community 
Figure 5.11 shows DGGE banding patterns of 16S rRNA gene of methanogenic 
archaea retrieved from various treated soils. A total of 27 distinct bands were excised 
from the gel at different positions on the basis of their mobility. On comparisons, all soil 
samples (treated and control) exhibited similar banding patterns. Further, bands BC_07, 
08, 10, 12, 14 and 27 were found to be relatively intense compared to other bands. The 
phylogenetic relationship of 27 sequenced bands with NCBI database revealed different 
groups belonging to Euryarchaeota and Crenarchaeota groups. Among 27 excised 
bands, number of bands affiliated to methanogenic archaea were distributed as 
Methanocellales: 6, Methanosarcinaceae: 2, Methanosaetaceae: 8, 
Methanomicrobiaceae: 5 and Methanobacteriaceae: 3, besides these, 3 bands 
represented Crenarchaeota (Fig. 5.12). Both, hydrogenotrophic (Methanocellales, 
Methanomicrobiaceae and Methanobacteriaceae) and acetotrophic (Methanosarcinaceae 
and Methanosaetaceae) groups were found during the study. 
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Fig. 5.9 DNA extracted from sand-dune Regosol with the FastDNA
TM
 SPIN Kit for Soil 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10 PCR amplification of extracted DNA for 16S rRNA gene of methanogenic 
archaea using specific primer pairs 1106 F-GC and 1378 R 
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Fig. 5.11 DGGE fingerprinting profiles of methanogenic archaeal communities 
belonging to six treatments in paddy soil. Sample designations are given on top of each 
DGGE lane. The bands excised for sequence analysis is numbered 1 to 27 
 Majority of bands showed resemblance with uncultured groups whereas 
cultured groups like Methanobacterium uliginosum showed up to 98% similarity with 
BC_11, Methanosarcina barkeri with BC_15 (99%) and BC_16 (98%), Methanocella 
conradii with BC_02 (98%) and BC_09 (99%). Our results for methaogenic archaeal 
community (Fig. 5.11, 5.12) are in accordance with the report of Feng et al. (2012) who 
reported no differences in DGGE banding patterns for no biochar application and 
various pyrolysed biochar, and straw applied soils by following the same primer set 
(1106 F and 1378 R). Moreover, they also found no differences in the methanogenic 
community structure at either tillering or anthesis stage. It also indicates that 
methanogenic community structure remain unchanged over the cropping season. They 
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reported increase in methanogenic activity by following biochar rather than affecting 
community structure. Though, methanogenic activity was not measured in the present 
study but it may be one of the probable reasons for affecting CH4 flux by following 
various treatments (Fig. 5.1). Phylogenetic analysis revealed the presence of all 
methanogenic groups. The results presented in this study clearly show no differences in 
methanogenic communities among different treatment doses of biochar and also in CF 
and DL or control soil sample. Feng et al. (2012) and Liu et al. (2011) also found no 
change in methanogens diversity due to the soil type and different pyrolysis temperature 
for biochar production, and biochar type, respectively. Relatively more diverse 
methanogenic archaeal groups found in our study compared to those reflected by Feng 
et al. (2012). Higher numbers of DGGE bands are affiliated to, Methanocellales and 
Methanosaetaceae. Thus, showing that a high nucleotide sequence diversity of both 
hydrogenotrophic and acetotrophic methanogenic communities exists in all treated and 
non-treated field, respectively. 
 The relative dominance of Methanocellales group among hydrogenotrophic 
groups might be due to its ubiquitous nature and capacity to tolerate adverse conditions 
(Conrad et al. 2006). Methanosaetaceae, an obligate acetotroph dependent on acetate as 
substrate is detected with the highest band percentage. Thus, it seems to be more 
adapted to physiological conditions and it is reported that this group dominate at lower 
acetate concentrations. Though, Methanocellales (previously known as Rice Cluster I) 
group has been defined as the most active group playing an important role in methane 
production in rice paddy fields (Sakai et al. 2007). But in the present study, 
co-dominance of Methanosaetaceae with Methanocellales group is noticeable. 
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Fig. 5.12 Phylogenetic relationship of the representative methanogenic 16S rRNA gene 
sequence of eluted bands retrieved from DGGE using 1106F with GC clamp and 1378R 
primer pairs for the soil DNA in different rice planted container with different 
treatments. The scale bars represent an estimated of 5% sequence divergence. GenBank 
accession numbers for each sequenced clone are indicated in parentheses 
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 The intensity of band at a position is also one of the parameters used for 
describing relative abundance of particular species. On this basis, highly intense bands 
of Methanosaetaceae (Bands BC_12), Methanomicrobiaceae (Bands BC_07, 08) and 
Methanocellales (Bands BC_10, 27) showed dominance in overall methanogenic 
community. Band intensity results also support our finding for the prevalence of 
Methanosaetaceae and Methanocellales as dominating group of methanogenic archaea. 
5.4.4  Plant biomass 
The application of DL significantly decreased the observed plant biomass 
parameters compared to CF and biochar treated soils. The control containers had the 
lowest plant biomass, and BM and BH treated soil had the highest plant biomass (Table 
5.1). The application of CF or BL yielded equal plant biomass. The decrease in the soil 
NH4
+
-N content by the application of DL could be one of the probable reasons for 
decreasing the plant yield (Fig. 5.3, Table 5.1) as it is well known that the N-availability 
in the soil is one of the growth limiting factor in the plants (Watanabe et al. 2012). 
Interestingly, the cumulative CH4 evolution g
-1
 yield was significantly increased by BH 
treatment otherwise it was not significantly different for other treatments (Table 5.1). 
Biochar has been reported to improve crop yield in our previous report (Singla 
and Inubushi 2014b). The soil organic C accumulation due to biochar amendment (Fig. 
5.5) could also enhance N efficiency, thus increasing crop productivity (Singla and 
Inubushi 2014b). However, the impact of biochar may also depend on the soil 
conditions, crop type and climatic conditions (Haefele et al. 2011). In addition, activities 
of certain enzymes e.g. alkaline phosphatase, aminopeptidase and 
N-acetylglucosaminidase have been reported to increase after the application of biochar 
(Bailey et al. 2010). The increase in MBC (Fig. 5.6) may be another reason as it is one 
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of the important factors affecting the soil fertility under waterlogged conditions. The 
application of DL was also found to increase plant biomass in rice and komatsuna under 
basal application (Chapter 3, 4). One of the probable reasons was the presence of 
micronutrients in DL itself. In the present study, experimental design was different than 
previous studies and DL was applied as split doses. The presence of micronutrients in 
DL under N-loss may not be effective to increase the plant biomass compared to CF 
treatment. 
Table 5.1 Variations in different parameters due to the application of various treatments 
in paddy vegetated soils 
 
Treatment Cumulative  
CH4 
evolution   
(g m
-2
) 
Shoot wt.  
(g container
-1
) 
Panicle no. 
(container
-1
) 
Wt. of panicles  
(g container
-1
) 
POXC 
(ug g
-1
 ds) 
Cumulative 
CH4 
evolution  
g-1 yield  
Control 30.1 + 1.0 e 100.0 + 6.8 d 49.4 + 2.5 d 35.8 + 0.8 d 478 + 11 d 0.113 b 
CF 50.1 + 2.0 c 132.4 + 2.3 b 75.6 + 4.5 b 57.0 + 2.0 b 556 + 09 c 0.118 b 
DL 42.5 + 0.7 d 116.6 + 1.4 c 62.4 + 1.1 c 49.4 + 2.5 c 588 + 18 bc 0.116 b 
BL 49.6 + 0.2 c 136.0 + 1.1 b 76.2 + 3.7 b 57.6 + 1.7 b 615 + 02 ab 0.116 b 
BM 57.7 + 1.0 b 149.2 + 2.3 a 92.0 + 1.7 a 64.6 + 1.4 a 626 + 05 ab 0.120 b 
BH 67.7 + 0.6 a 152.6 + 1.4 a 94.2 + 3.7 a 67.0 + 2.0 a 643 + 11 a 0.136 a 
CF: Chemical Fertilizer, DL: Digested Liquid, BL: Biochar Low, BM: Biochar Medium, BH: 
Biochar High, POXC: Permanganate oxidizable carbon  
Yield was calculated by considering the weight of panicles 
Different letters in each column denote significant differences (p<0.05) among the treatments 
according to a Tukey’s HSD test. Mean value + standard deviation (n=3) 
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5.5  Conclusion 
The application of digested liquid decreased the seasonal and cumulative 
methane emission compared to chemical fertilizer. The addition of biochar significantly 
increased the seasonal and cumulative methane emission and it increased with the 
increase in biochar concentration. The soil ammonium-N contents were decreased 
without affecting nitrate-N contents by the digested liquid application compared to 
chemical fertilizer. The application of biochar increased the soil ammonium-N contents 
and reduced the soil nitrate-N contents probably due to more reducing conditions in 
biochar applied soils. The application of digested liquid did not affect; while the 
addition of biochar significantly increased soluble organic carbon content, soluble total 
nitrogen content and microbial biomass carbon content and permanganate oxidizable 
carbon content without affecting microbial biomass nitrogen content compared to 
chemical fertilizer. However, plant biomass was decreased in digested liquid treated 
containers and biochar had positive impacts on plant biomass. Further, the 
methanogenic archaeal diversity remains unchanged but its activity at varying biochar 
concentration may be one of the possible reasons to facilitate methane flux differentially. 
Interestingly, the cumulative CH4 evolution g
-1
 yield was significantly increased by BH 
treatment otherwise it was not significantly different for other treatments. 
 By considering positive and negative impacts of biochar and digested liquid 
application in our study, biochar at medium rate (C:N ratio, Biochar application as C: 
DL application as N, 3.0) is found to be the most suitable for the application and could 
be used as an alternate to chemical fertilizers.  
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Chapter 6 
Effect of digested liquid and varying concentrations of biochar on N2O 
flux, CO2 flux and soil chemical properties in komatsuna vegetation 
under three continuous croppings  
 
6.1  Abstract 
 A microcosm-based study was conducted to evaluate the effects of DL and 
varying concentrations of biochar on N2O flux, CO2 flux, soil chemical properties and 
crop yield in komatsuna vegetation under three continuous croppings. DL was applied 
as a source of N in biochar treatment. Our results showed that DL emitted equal 
cumulative N2O and CO2 flux compared to CF treated soil; while the application of DL 
along with biochar increased their emission, significantly. The N2O and CO2 flux 
increased with the increase in biochar concentration. Biochar treated soils increased 
N2O flux especially during the initial phase of the experiment. The N2O flux in each 
treatment was found to be dependent on the soil temperature especially during the initial 
phase after fertilizer applications. The CO2 flux in each treatment was also found to be 
dependent on the soil temperature throughout the entire experiment and it was 
irrespective of the timing of fertilizers application. The contribution towards global 
warming showed that in each treatment, CO2 was the major contributor rather than N2O. 
The soil mineral-N contents were similar for the DL and CF treated soils; while the 
application of biochar decreased NH4
+
-N content and increased NO3
-
-N content at most 
of the measurements. It indicated that biochar application probably increased 
nitrification rate which was also favoured by higher N2O flux. The application of 
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biochar also increased SOC contents of the applied soils. The overall crop yield from 
the three croppings was the highest in BL treatment compared to other treatments.   
6.2  Introduction 
 In our previous report, it has been observed that the application of DL 
increased crop yield in komatsuna cropping without enhancing cumulative N2O 
emission and also without affecting the soil mineral-N contents compared to CF 
treatment (Singla et al. 2013; Chapter- 4). It was also observed that the varying 
concentrations of biochar could affect CH4 emission and plant biomass in paddy 
vegetation (Chapter- 5). In this chapter, we focused on the effects of DL and varying 
concentrations of biochar on N2O emission, CO2 emission, soil chemical properties and 
crop yield in komatsuna. This study will be helpful to clearly understand the effects of 
such treatments on N2O emission in aerobic soil conditions along with CH4 emission in 
paddy soil under waterlogged conditions. It will also be helpful to establish crop 
rotation system.    
 The objectives of the present study were to see the effects of varying 
concentrations of biochar, DL without any biochar or chemical fertilizer on N2O flux, 
CO2 flux, soil chemical properties and crop yield in komatsuna vegetation. 
6.3  Materials and methods 
6.3.1 Experimental design 
 The experiment was conducted at the soil science experimental field, Graduate 
School of Horticulture, Chiba University, Matsudo, Japan during 06 April to 09 July 
2013. The physico-chemical properties of the soil have been mentioned in chapter 4.3.1. 
The production process of biochar and DL was the same as explained in chapter 3.3.1. 
Biochar had the similar composition as mentioned in Table 2.2a. The chemical 
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properties of the DL were: pH (H2O) 6.35; EC 12,500 mS m
-1
; TC 0.83%; TN 1.45%; 
NH4
+
-N 14,400 mg L
-1
; NO3
-
-N 2.30 mg L
-1
; P2O5 15.4 mg L
-1
; and K2O 33,800 mg L
-1
.  
 Plastic containers were used as explained in chapter 5.3.1. Treatments and total 
application rate of each amendment was also kept similar as explained in chapter 5.3.1 
except for no N application in the control soil at any stage of the experiment. Six 
treatments in triplicate were as follows: 1) Control: no N application, only P and K was 
applied; 2) CF: commercial fertilizer (8:8:8 N/P/K, mainly consisting of (NH4)2HPO4 
and KCl; Daihosuka Co. Ltd., Tokyo, Japan) at 12 g NPK m
-2 
(120 kg NPK ha
-1
). 3) DL 
as N source at 12 g N m
-2 
(120 kg N ha
-1
); 4) Biochar low (BL): DL same as treatment 
no. 3 + biochar at 18 g C m
-2 
(C/N ratio 1.5); 5) Biochar medium (BM): DL same as 
treatment no. 3 + biochar at 36 g C m
-2 
(C/N ratio 3.0); and 6) Biochar high (BH): DL 
same as treatment no. 3 + biochar at 72 g C m
-2 
(C/N ratio 6.0). Calcium superphosphate 
was used as P source to make a total concentration at 12 g P m
-2
 in treatments 1, 3, 4 and 
5; and potassium chloride was used as K source to make a total concentration at 12 g K 
m
-2
 in treatment 1.  
 The application of N, P and K in each treatment was applied in 2 split doses: 50% 
before 1
st
 cropping and 50% before 2
nd
 cropping. The 3
rd
 cropping in each container was 
carried without any fertilizer amendment to see the residual effects of each amendment. 
The whole quantity of biochar in treatments 4-6 was applied as basal dose only before 
1
st
 cropping. Each cropping was carried for 30 days. The application of N, P and K in 
each treatment was given 2 days prior to seedling transplantation of first two croppings. 
Six seedlings (14 days old) for each cropping were transplanted to the containers. To 
monitor the soil moisture in each container, the watermark soil moisture sensor (Model 
no. 6450 WD, Spectrum Technologies, Inc., Osaka, Japan) was placed vertically at 0-8 
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cm soil depth at the day of first dose of inorganic and organic fertilizer application and 
kept in place until the end of the experiment. Soil moisture (0-8 cm soil depth) and soil 
temperature (0-5 cm soil depth) were recorded by digital thermo recorder (Model no. 
TR-71Ui, T and D Corporation, Nagano, Japan). The water content in each pot was 
maintained by keeping WHC of the soil at 60% throughout the entire experiment.  
6.3.2  Gas sampling and analysis 
 The gas samples from each container at 2 to 7 days intervals were collected by 
closed chamber method using a chamber (height 20 cm; and diameter 17.4 cm). The 
chamber base was settled in the center of each container on the day of fertilizer 
application and kept in the place until the end of the experiment. At each measurement, 
three samples were pulled from sampling chamber into disposable syringes at 0, 10 and 
20 minutes intervals after putting the top on the chamber base; then samples were 
immediately transferred into pre-evacuated vials. Collected air samples were analysed 
for N2O and CO2 concentration by gas chromatographs (GC-14B; Shimadzu, Kyoto, 
Japan) equipped with ECD and TCD, respectively (Chapter 2.3.3). The N2O flux (μg 
m
-2
 h
-1
) and CO2 flux (mg m
-2
 h
-1
) were calculated from the temporal increase in gas 
concentration inside the chamber per unit time (Chapter 3.2.2). The cumulative N2O and 
CO2 evolutions were calculated by multiplying the daily fluxes at each measurement for 
the time interval and then by summing up the obtained values. 
6.3.3  Soil chemical properties and plant biomass analysis 
 The Soil samples (in triplicate) were collected from the 0-20 cm layer 05, 30, 
37, 62 and 92 days of the experiment. The collected soil samples were analysed for 
NH4
+
-N and NO3
-
-N contents after soil extraction with 1M KCl solution (1:5; 
soil:solution) as explained in chapter 2.3.1. The SOC content was analysed after soil 
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extraction with 0.5 M K2SO4 solution (1:5; soil:solution) as explained in chapter 5.3.4. 
The dry weight of the harvested shoots was measured after drying the plant materials at 
80℃ for 7 days in a forced air-oven. Yield (g m-2) from each treated containers was 
calculated by summing up the dry weight of three crops.   
6.3.4  Statistical analyses 
 Statistical analysis was performed in order to determine the effect of treatments 
on observed parameters. Significance of treatments was tested by One-way Analysis of 
Variance (ANOVA), and Tukey’s HSD test (at P< 0.05) was applied for the differences 
in mean values. All the statistical analyses were completed using SPSS Statistics 20 
(IBM, New York, USA).   
6.4  Results and discussion 
6.4.1  N2O flux 
 The higher N2O flux in each treatment occurred during the initial phase of 
fertilizers amendments (Fig. 6.1). It was also found to be dependent on the soil 
temperature during the initial phase of each fertilizer amendment (Fig. 6.1, 6.2). A peak 
for each treatment was observed after the fertilizer application except for the control soil. 
Biochar treated soil emitted the highest N2O especially during the 1
st
 cropping and it 
was significantly higher with the increase in biochar concentration. The DL and CF 
treated soil showed almost similar emission pattern during each cropping. No larger 
peak was observed during 3
rd
 cropping in either soil which was expected due to no 
external fertilizer application. Biochar treated soil also showed similar emission pattern 
with DL or CF treated soil during 2
nd
 or 3
rd
 cropping. The cumulative N2O evolution 
and GWP from N2O evolution during 92 days of the experiment was significantly 
higher in biochar treated soils and it increased with the increase in the concentration 
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(Table 6.1, 6.3). The cumulative N2O evolution during 92 days of the experiment was 
equal in DL and CF treated soils as reported in our previous study (Singla et al. 2013; 
Chapter-4), and both were significantly higher than the control soil. As expected, the 
cumulative N2O evolution in each soil was higher during 1
st
 and 2
nd
 cropping compared 
to 3
rd
 cropping (Table 6.1).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 The pattern of variation in N2O flux (mean + SD, n=3) across the different 
treatments in komatsuna vegetated soils 
 Nitrification is the main process for N2O production at 60-80% WHC, while 
denitrification is the major contributor at 90-100% WHC (Inubushi et al. 1996; 1999). 
The effect of the soil temperature can be clearly seen in the initial stage of each fertilizer 
amendment. The soil moisture in each container was kept similar at 60%WHC of the 
soil. So, the increase in the soil temperature also increased N2O evolution during the 
initial phase of the experiment (Fig. 6.1). In our study, nitrification is presumed to be the 
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major contributor for N2O evolution. 
 
 
 
 
 
 
 
Fig. 6.2 Soil temperature throughout the entire experiment in komatsuna vegetated soils  
Table 6.1 The cumulative N2O evolution under different treatments in komatsuna 
planted containers 
Treatments N2O flux (mg m
-2
) 
1
st
 cropping 2
nd
  cropping 3
rd
  cropping Cumulative  
(1
st
 + 2
nd
 + 3
rd
) 
Control 12.01 + 0.24 e 09.03 + 0.10 e 04.07 + 0.16 d 25.11 + 0.30 e 
CF 19.53 + 0.32 d 15.53 + 0.02 cd 07.88 + 0.43 b 42.88 + 0.75 d 
DL 18.49 + 0.11 d 15.16 + 0.31 d 07.48+ 0.30 c 41.13 + 0.12 d 
BL 28.37 + 1.88 c 15.90 + 0.14 cb 08.07 + 0.27 a 52.34 + 1.80 c 
BM 39.38 + 1.68 b 16.43 + 0.11 b 07.75 + 0.30 b 63.56 + 1.42 b 
BH 52.98 + 2.14 a 17.29 + 0.63 a 07.61 + 0.14 cb 77.88 + 2.11 a 
Different letters in each column denote significant differences (p<0.05) among the 
treatments according to a Tukey’s HSD test. Mean value + standard deviation (n=3) 
 Organic materials, such as sewage sludge compost, animal manure, crop 
residues, municipal solid wastes, and compost has shown to enhance N2O emission 
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(Hayakawa et al. 2009; Alotaibi and Schoenau 2013). Organic fertilizers supply not only 
N but also organic C, which can stimulate heterotrophic microbial activity in the soil 
(Velthof et al. 2002). There could be increase in N- mineralization after the addition of a 
labile substrate like biochar to the soil (Zimmerman et al. 2011). This mechanism 
generally involves growth of microbes that are adapted to respond quickly to newly 
available C sources, remineralizing soil nutrients and co-metabolizing more refractory 
organic matter in the soil (Kuzyakov 2010). Changes in the mineralization rate of 
organic matter in the soil, and the decomposition of fresh biochar itself may also affect 
N cycling in the soil. The DL also contained smaller fraction of C, but it may not be 
enough to enhance cumulative N2O evolution as similar to our previous study (Singla et 
al. 2013). The C/N ratio in DL itself was 0.57; which indicates that C input was lower 
than N input in DL treatment whereas C/N ratio in biochar itself was 9.33 and it was 
also applied 1.5 to 6 times higher C from biochar to N concentration in DL .   
6.4.2  CO2 flux 
 The CO2 flux in each container was found to be more dependent on the soil 
temperature compared to N2O flux and it was irrespective of the timing of each fertilizer 
application (Fig. 6.3). As similar to N2O flux, DL and CF treated soil showed almost 
similar emission pattern during each cropping. The cumulative CO2 evolution and GWP 
during 92 days of the experiment was significantly higher in biochar treated soils and it 
increased with the increase in the concentration (Table 6.2, 6.3). The cumulative CO2 
evolution during 92 days of the experiment was equal in DL and CF treated soils, and 
both were significantly higher than the control soil. As expected, the cumulative CO2 
evolution in each soil was higher during 3
rd
 cropping compared to 1
st
 and 2
nd
 cropping 
which was due to the observed higher soil temperature during 3
rd
 cropping (Fig. 6.2, 
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6.3). The cumulative CO2 evolution as well as contribution towards global warming 
from CO2 in each soil was higher than the cumulative N2O evolution (Table 6.1, 6.3).  
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 The pattern of variation in CO2 flux (mean + SD, n=3) across the different 
treatments in komatsuna vegetated soils 
 Most of the laboratory incubation and field studies have often found an 
increase in CO2 evolution upon the addition of biochar to the soil (Smith et al. 2010; 
Zimmerman 2010; Bruun et al. 2011, 2012; Jones et al. 2012; Saarnio et al. 2013). The 
possible reason for increasing CO2 production is assumed to be the increase in the soil 
respiration rate which has been attributed to microbial decomposition of labile 
components of the biochar (Smith et al. 2010) or potentially to an abiotic release of C 
(Zimmerman 2010). Smith et al. (2010) described the increased CO2 release as the 
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result of the application of biochar which provides the soil microbes with labile C. 
Some researchers have suggested that biochar additions to the soil have the potential to 
induce a priming effect, causing an increase in the decomposition of resident soil 
organic matter.  
Table 6.2 The cumulative CO2 evolution under different treatments in komatsuna 
planted containers 
Treatments CO2 flux (g m
-2
) 
 1
st
 cropping 2
nd
  cropping 3
rd
  cropping Cumulative  
(1
st
 + 2
nd
 + 3
rd
) 
Control 40.43 + 0.60 f 60.57 + 2.05 d 85.80 + 1.08 d 186.8 + 2.3 e 
CF 45.69 + 1.46 d 64.51 + 2.29 c 94.11 + 1.07 c 204.3 + 2.1 d 
DL 44.48 + 0.88 e 64.07 + 0.85 c 94.57 + 0.48 c 203.1 + 1.2 d 
BL 46.90 + 0.47 c 67.59 + 1.22 b 97.53 + 1.01 b 212.0 + 1.2 c 
BM 49.55 + 0.23 b 67.23 + 0.66 b 98.70 + 0.77 b 215.5 + 0.7 b 
BH 52.66 + 0.10 a 70.19 + 0.71 a 100.6 + 1.07 a 223.5 + 1.5 a 
Different letters in each column denote significant differences (p<0.05) among the 
treatments according to a Tukey’s HSD test. Mean value + standard deviation (n=3) 
 In a10-year buried bag incubation, Wardle et al. (2008) found little observable 
biochar degradation over the incubation period, but found that biochar appeared to 
stimulate the decomposition of the soil humus. Thus, the presence of C in biochar could 
be the responsible reason for increasing CO2 production in the present study (Fig. 6.3). 
Bruun et al. (2011) also found the increase in CO2 production with the increase in 
biochar concentration. The presence of smaller fraction of C in DL might not be enough 
to bring any significant changes in CO2 flux compared to CF treatment. 
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Table 6.3 Total global warming potential of cumulative N2O evolution and cumulative 
CO2 evolution under different treatments in komatsuna planted containers  
Treatments GWP from N2O evolution 
(CO2 equivalent) (g m
-2
) 
GWP from CO2 
evolution (g m
-2
) 
Total GWP  
(g m
-2
) 
Control 7.48 + 0.09 e 186.8 + 2.3 e 194.3 + 2.4 e 
CF 12.78 + 0.22 d 204.3 + 2.1 d 217.1 + 2.0 d 
DL 12.26 + 0.04 d 203.1 + 1.2 d 215.4 + 1.2 d 
BL 15.60 + 0.54 c 212.0 + 1.2 c 227.6 + 1.4 c 
BM 18.94 + 0.42 b 215.5 + 0.7 b 234.4 + 0.7 b 
BH 23.21 + 0.63 a 223.5 + 1.5 a 246.7 + 2.0 a 
GWP: global warming potential; GWP from cumulative N2O evolution in each 
treatment was multiplied by 298 times to convert into CO2 equivalent; while GWP from 
cumulative CO2 evolution was considered as same with cumulative CO2 evolution 
values; Different letters in each column denote significant differences (p<0.05) among 
the treatments according to a Tukey’s HSD test. Mean value + standard deviation (n=3) 
6.4.3  Soil mineral-N and SOC 
The NH4
+
-N content of biochar treated soils were lower than CF and DL 
treated soils at 05, 37 and 62 days of the experiment; while no significant difference was 
observed between either treated biochar soils or CF and DL treated soils at 30 and 92 
days of the experiment (Fig. 6.4). On the other hand, NO3
-
-N content of biochar treated 
soils were higher than CF and DL treated soils at 05, 30, 37 and 62 days of the 
experiment; while no significant difference was observed between either treated biochar 
soils or CF and DL treated soils at 92 days of the experiment (Fig. 6.5). It indicated that 
nitrification rate was increased under biochar application which also increased N2O flux 
especially during the initial stage of fertilizer application (Fig. 6.1). The NO3
-
-N content 
of each soil was always higher than NH4
+
-N content (Fig. 6.4, 6.5). The increase in 
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NO3
-
-N contents of soils indicate that nitrification mainly occurred in the initial stages 
and could have contributed to the higher N2O evolution in the initial than later stages. 
The decrease in NH4
+
-N and NO3
-
-N content of soil at 30, 62 and 92 days indicates that 
probably denitrification also occurred along with nitrification. 
 
 
 
 
 
 
 
 
Fig. 6.4 Changes in the soil NH4
+
-N contents (mean + SD, n=3) across the different 
treatments in komatsuna vegetation 
 
 
 
 
 
 
 
 
Fig. 6.5 Changes in the soil NO3
-
-N contents (mean + SD, n=3) across the different 
treatments in komatsuna vegetation 
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Muller et al. (2004) reported that NO3
-
-N reduction through denitrification is 
the predominant mechanism responsible for N2O production even under aerobic soil 
conditions. Thus, despite favorable conditions for nitrification, temporary anaerobic 
microsites may have been present causing denitrification (Cannavo et al. 2004). The 
increase in nitrification rate by following biochar also justifies the other reports which 
observed the increase in N2O flux in the initial stage of the experiment by applying 
biochar (Yanai et al. 2007; Bruun et al. 2011).   
The SOC content of biochar treated soils was always higher than untreated 
soils and it increased with the increase in concentration (Fig. 6.6). The SOC content of 
each soil decreased with the time. The SOC content of DL treated soil was higher than 
CF treated soils except at 30 days of the experiment.    
 
 
 
 
 
 
 
 
 
Fig. 6.6 Changes in the soil SOC contents (mean + SD, n=3) across the different 
treatments in komatsuna vegetation 
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was available in the control soil or CF treated soil. This fraction of C might have 
brought the significant changes in the soil SOC content (Fig. 6.6) but might not be 
enough to increase the soil respiration rate which didn’t affect CO2 flux (Fig. 6.3). The 
increase in SOC contents of biochar treated soils (Fig. 6.6) could be responsible for 
significant increase in N2O and CO2 flux (Smith et al. 2010; Zimmerman et al. 2011; 
Saarnio et al. 2013; Fig. 6.1, 6.3). The decrease of SOC content in biochar treated soils 
also with the progress of the time could be due to the fact that biochar was applied only 
as basal dose. So, the C availability in the soil decreased with the time. It could be due 
to either uptake by plants or due to increase in uptake by microbes responsible for 
higher N2O and CO2 flux by biochar application.    
6.4.4  Plant biomass and crop yield 
Each treatment provided better plant biomass and crop yield than the control 
containers (Table 6.4). The DL and BL treated containers had significantly highest plant 
biomass in each cropping and also the overall crop yield. The application of biochar had 
positive and negative impacts on plant biomass depending on the application rate of 
biochar (Table 6.4). The plant biomass in each container was the highest in 2
nd
 cropping 
compared to 1
st
 and 3
rd
 cropping. The application rate of N, P or K in each treatment 
was kept similar for first two cropping. The growing season of komatsuna depends on 
the weather and variety of komatsuna (Ebid et al. 2008; Amkha et al. 2009; Singla et al. 
2013). In the present study, each cropping was carried for 30 days duration (Fig. 6.1). 
The environmental conditions might be more favourable for komatsuna growth during 
2
nd
 cropping compared to 1
st
 cropping as indicated by the increase in the plant biomass 
in the control containers also where no N was applied during either cropping. It is also 
known that N is the most common factor limiting plant growth in farming systems 
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(Moller and Stinner 2009). So, the increase in plant biomass during 2
nd
 cropping of 
control containers and also the other treated containers indicates more favourable 
conditions for komatsuna cropping. As expected, plant biomass decreased during 3
rd
 
cropping due to lack of external application of any amendment in either soil.     
Table 6.4 The plant biomass and crop yield due to the application of various treatments 
in komatsuna vegetated soils 
*
Yield was calculated by summing up the dry weight of three crops 
Different letters in each column denote significant differences (p<0.05) among the 
treatments according to a Tukey’s HSD test. Mean value + standard deviation (n=3)   
 The increase in plant biomass or crop yield in DL treatment compared to CF 
treatment was similar to our previous report (Singla et al. 2013; Chapter-4). Generally it 
is expected that the organic fertilizers can increase N uptake better than the inorganic 
fertilizers (Ebid et al. 2008), and thus also crop yield. The inputs of organic C can 
increase soil fertility by stimulating soil microorganisms, and thus increasing nutrient 
recycling (Chan et al. 2007; Antil et al. 2009). It was found true for DL and BL 
treatment as both increased SOC content of the soil compared to CF treatment (Fig. 6.6). 
Treatments 1
st
 crop 
(g plant
-1
) 
2
nd
 crop 
(g plant
-1
) 
3
rd
 crop 
(g plant
-1
) 
Sum of three 
crops (g plant
-1
) 
Yield* 
(g m
-2
) 
Control 3.13 + 0.17 c 4.07 + 0.14 d 2.63 + 0.08 b 9.83 + 0.12 d 366 + 05 d 
CF 5.29 + 0.13 b 6.37 + 0.14 bc 3.35 + 0.07 a 15.02 + 0.22 c 559 + 08 c 
DL 6.04 + 0.44 a 7.71 + 0.88 a 3.39 + 0.27 a 17.14 + 1.45 ab 638 + 54 ab 
BL 6.28 + 0.32 a 7.89 + 0.44 a 3.76 + 0.04 a 17.93 + 0.79 a 667 + 29 a 
BM 5.99 + 0.24 ab 6.11 + 0.20 c 3.63 + 0.23 a 15.73 + 0.41 c 585 + 15 c 
BH 6.05 + 0.20 a 6.49 + 0.22 b 3.79 + 0.40 a 16.33 + 0.63 bc 608 + 23 bc 
  
103 
The other reason for increasing crop yield by DL application could be the presence of 
micronutrients in DL itself (Table 2.2b), and it might have further increased crop yield 
in BL treatment. In opposite to it, plant biomass and crop yield was also found to be 
dependent on the concentration of biochar. The input of BM and BH also increased 
SOC content of the soil but they have also increased nitrification rate in the applied soils. 
It might have also resulted in more N loss in the form of N2O (Fig. 6.1), thus decreasing 
crop yield compared to DL or BL applied soils but it was always comparable to CF 
treatment (Table 6.4). 
6.5  Conclusion 
As similar to Chapter-4, the effect of digested liquid on N2O evolution and the 
soil mineral-N content was almost equal to that of the chemical fertilizer. However, the 
digested liquid treated soils had higher the SOC content of the soil and overall yield by 
considering the three crops. The DL treated soil also emitted equal cumulative CO2 
compared to CF treatment. The addition of biochar along with digested liquid showed 
varying results depending on the concentration. Each concentration of biochar increased 
N2O evolution, CO2 evolution and SOC contents of the applied soils than untreated soils. 
Biochar at low concentration (C:N, 1.5) had positive impacts on plant biomass and crop 
yield. However, the application of biochar at medium (C:N, 3.0) or high (C:N, 6.0) 
concentration decreased plant biomass compared to biochar at low concentration but it 
was comparable to chemical fertilizer treatment. This study indicates that komatsuna 
cropping under fertilization with the digested liquid can be a possible solution for 
fertilizer management even if a field experiment is needed. Biochar at low concentration 
could also be recommended for field application as it will be helpful to maintain carbon 
content in the soils. 
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Chapter 7 
General discussion and conclusion 
7.1  General discussion 
 The energy consumption in the world is increasing day by day and it is 
maximum for the transportation. It is expected that energy consumption will increase 
more than double by the year 2040 compared to 1990. Presently, world is using about 
60 million barrels of oil per day and the demand is increasing by 5% each year. Biofuels 
are expected to play an important role to meet this extra energy demand and this has 
resulted in increased production of biofuels. Biofuel production is associated with a 
large amount of biofuel processing byproducts (Alotaibi and Schoenau 2011, 2013) 
which is expected to increase further with the increase in biofuel production. These 
byproducts are somewhat similar to other organic amendments since they contain 
essential plant nutrients (Sasada et al. 2011). These are required to be utilized in 
environment friendly manner. Moreover, the use of such byproducts may reduce the 
GHG emission because of a decreased need for inorganic fertilizers (Arthurson 2009).   
 Rice ecosystems are considered as one of the most favorable ecological niches 
for biogenic methanogenesis due to the presence of all the essential precursors and 
methanogens, a member of Euryarchaeota. As per USEPA report (2006), rice fields 
contribute about 10% to the total global CH4 budget. Earlier studies showed that the rate 
of CH4 production from paddy fields increased with the increase in rice cultivation 
(IRRI 2006). The CH4 emission is related with the microbial activities found in flooded 
rice field soils (Mer and Roger 2001). Carbon sequestration in agricultural land is one of 
the most important strategies in mitigating global warming problem (Pan et al. 2009). 
Organic matter application is expected to increase the C contents in the soil (Janzen et al. 
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1998; Yan et al. 2007; Rui and Zhang 2010). Rice fields can sequestrate more C than 
upland soil because the decomposition rate of added and native organic C is lower under 
anaerobic conditions in rice soils than aerobic conditions in upland soils (Witt et al. 
2000). In paddy fields, the soil is saturated and remains under anaerobic conditions for a 
long time, and N dynamics are presumed to be distinctly different from grasslands or 
other arable land (Win et al. 2009). Agricultural soil is a major source of N2O because 
of aerobic soil conditions unlike paddy field conditions (Hayakawa et al. 2009).  N2O 
is produced in the soil mainly by two contrasting microbial processes: a) nitrification of  
NH4
+
-N to NO3
–
-N, and b) denitrification of NO3
–
-N to N2O and ultimately to N2. 
Generally, nitrification is more active under aerobic soil conditions while denitrification 
is dominant under anaerobic conditions (Inubushi et al. 1996, 1999). There are reports 
of increase in N2O emission just after the application of N fertilizers because the 
nitrification process is active after NH4
+
-N application to agricultural soils (Amkha et al. 
2009; Singla et al. 2013). Komatsuna is one of the popular leafy vegetables grown in 
Japan and it requires the application of large amounts of N fertilizers within a short 
period, contributing towards N2O emission to the atmosphere (Ebid et al. 2008; Amkha 
et al. 2009).  
 The government of Japan had already shown its interest to reduce carbon 
emission from the agricultural soils. They targeted CO2 reduction of 538,000 tons from 
the agriculture by the year 2012 under the guidelines of IPCC (MAFF 2010). Another 
target which was set under MAFF guidelines was the 50% reduction in chemical 
fertilizers and pesticides. They recommended the incorporation of green manure in the 
agricultural soils which will be helpful in not only reducing the amount of chemical 
fertilizers but also to absorb CO2 from the soil. It will also be helpful in soil carbon 
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sequestration under the long term implications. A total of 3,800 points were selected all 
over the Japan to monitor soil carbon storage. The incorporation of green manure may 
also generate N2O which could be another problem for the global environment. A total 
expenditure of 244 million yen was granted from the government of Japan to keep an 
eye on N2O emission under green manure application. They also planned to monitor 
CH4 emission in paddy vegetation after straw incorporation. They also targeted to 
improve the quality of green manure which could be more useful for the agricultural 
purposes. A total amount of 3,127 million yen was approved by the government of 
Japan for all such targets. Some other recommendations which were given such as the 
flooding of rice field even in the winter season. It could be helpful against the bird 
attack. Organic farming is also promoted under the MAFF project.              
 Considering these points, biogas byproducts (biochar and digested liquid) were 
selected to study GHG emission, soil microbial and chemical properties, and plant yield 
under rice and komatsuna vegetation. The application of biochar increased CH4 
emission in waterlogged incubation or under rice vegetation and it increased with the 
increase in the concentration. Most of the studies suggest that the addition of biochar 
can increase CH4 emission (Zhang et al. 2010; Knoblauch et al. 2011; Ali et al. 2013). 
However, some of the published reports also state that the application of biochar may 
decrease CH4 emission (Liu et al. 2011; Feng et al. 2012) or may not bring any 
significant change in CH4 production (Knoblauch et al. 2008). It appears that the 
amount of CH4 emission will depend on the physical and chemical properties of the 
biochar, the type of the soil, the microbiological circumstances, and the water and 
fertilizer management (Cai et al. 1997; Zwieten et al. 2009). Generally it is expected 
that labile organic C pool of biochar could be decomposed and it may become the 
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predominant source of methanogenic substrates, thus promoting CH4 production 
(Knoblauch et al. 2011). The effect of biochar on the mineralization depends on the 
production temperature: biochar produced at low temperatures (250-400℃) stimulate C 
mineralization whereas biochar produced at high temperature (525-650℃) suppress C 
mineralization in the soil (Saarnio et al. 2013). Our study fit in this conclusion as our 
biochar was produced at rather low temperature (330-370℃) and could be stimulating C 
mineralization, thus enhancing CH4 production. The feedstock source and chemical 
properties of biochar may also have an influence on CH4 production (Zwieten et al. 
2009). Feng et al. (2012) observed decline in CH4 emission following application of 
biochar prepared from corn stalk. In our study, raw material for biochar production was 
the solid portion of the digested slurry which is another reason for low C content in our 
biochar compared to other reports. Moreover, there is almost no published report with 
the biochar preparation from such material. It is well known that multiple factors 
contribute to CH4 emissions in biochar treated soils. Besides the physical and chemical 
properties, CH4 emissions largely depend on the production procedure of the biochar, 
the type of the biomass used for pyrolysis and the soil properties (Lehmann 2007).  
 The application of biochar also increased CO2 and N2O emission in aerobic 
incubation or under komatsuna vegetation, and these also increased with the increase in 
the concentration. Asai et al. (2009) reported decreased yield of rice by the application 
of biochar without N fertilizer. It indicates that the addition of N-source with biochar 
seems to be essential for the crop improvement. As similar to CH4 emission, biochar 
addition to soils may decrease N2O emission (Yanai et al. 2007; Zhang et al. 2012a; 
Singla and Inubushi 2013b; Saarnio et al. 2013) or increase N2O emission (Yanai et al. 
2007; Bruun et al. 2011; Saarnio et al. 2013) depending on biochar types and soil 
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conditions. Some previous studies have shown that organic materials, such as sewage 
sludge compost, animal manure, crop residues, municipal solid wastes, and compost 
could enhance N2O emission (Jones et al. 2007; Hayakawa et al. 2009; Alotaibi and 
Schoenau 2013). Biochar, which is another organic material used in the present study, 
has been shown positive and negative impacts on N2O production in the previous 
studies (Yanai et al. 2007; Bruun et al. 2011; Zhang et al. 2012a; Saarnio et al. 2013). 
The biochar used in the present study is expected to be of more labile in nature rather 
than recalcitrant due to low pyrolysed temperature and the source of preparation. It was 
also supported by the increase in SOC and MBC contents of the biochar applied soils. 
There could be increase in N-mineralization after addition of a labile substrate like 
biochar to the soil (Zimmerman et al. 2011). This mechanism generally involves the 
growth of microbes that are adapted to respond quickly to newly available C sources, 
remineralizing soil nutrients and co-metabolizing more refractory organic matter in the 
soil (Kuzyakov 2010). In contrast, Bruun et al. (2012) found that biochar from fast 
pyrolysis led to net immobilization of mineral N whereas biochar from slow pyrolysis 
(like in our study) led to net N-mineralization, thus enhancing N2O emission. 
 Most of the laboratory and field incubation studies have often found an 
increase in CO2 evolution upon the addition of biochar to the soil (Smith et al. 2010; 
Zimmerman 2010; Bruun et al. 2011, 2012; Jones et al. 2012; Saarnio et al. 2013). The 
possible reason for increasing CO2 production is assumed to be the increase in the soil 
respiration rate which has been attributed to microbial decomposition of labile 
components of the biochar (Smith et al. 2010) or potentially to an abiotic release of C 
(Zimmerman 2010). Smith et al. (2010) described the increased CO2 release as the 
result of application of biochar which provides the soil microbes with labile C. Some 
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researchers have suggested that biochar additions to the soil have the potential to induce 
a priming effect, causing an increase in the decomposition of resident soil organic 
matter. In a10-year buried bag incubation, Wardle et al. (2008) found little observable 
biochar degradation over the incubation period, but found that biochar appeared to 
stimulate the decomposition of the soil humus. Biochar consists predominantly of 
recalcitrant conjugated aromatic structures, but aliphatic carbohydrate fractions may 
remain depending on pyrolysis type and settings (Lehmann et al. 2009; Bruun et al. 
2011). Thus, the presence of C in biochar could be the responsible reason for increasing 
CO2 production in the present study.    
 The effect of DL on CH4 emission in paddy vegetation was found to be 
dependent on the way of its application. The single application of DL as basal dose 
which was incorporated into the soil increased CH4 emission but when it was applied as 
split dose in the form of the surface application resulted in the decreased CH4 emission 
under paddy vegetation. There is always a risk of NH4
+
-N volatilization in DL and it 
could increase under surface spreading rather than incorporation into the soil (Moller 
and Stinner 2009; Watanabe et al. 2012). Ammonia volatilization was not measured in 
the present study, however, it is assumed to be one of the primary reasons for lower 
NH4
+
-N content of the DL treated soil compared to CF treated soil. This loss might have 
increased under split doses application. So, the lower NH4
+
-N content of DL treated soil 
caused lower CH4 evolution. The presence of C source has been attributed to increase 
CH4 emission in the paddy soil (Ali et al. 2013; Singla and Inubushi 2014b). The C/N 
ratio in DL is generally low (Moller and Stinner 2009, Watanabe et al. 2012) and in our 
study also, it was low, which might not be enough to increase CH4 emission under 
NH4
+
-N loss. The loss of  NH4
+
-N of DL might have been limited if incorporated into 
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the soil (Nakamura et al. 2012), and smaller fraction of C along with lesser loss of 
NH4
+
-N increased CH4 emission under single application.  
 The application of DL evolved equal cumulative N2O and CO2 compared to CF 
treated soils under komatsuna vegetation. It also retained similar mineral-N contents of 
the soils compared to CF treatment. The soil SOC content was increased in komatsuna 
vegetation while it was unaffected in paddy vegetation due to different conditions of soil. 
Generally it is expected that the application of organic materials may enhance N2O 
emission rates probably by enhancing the rates of nitrification and denitrification and 
consequently, N2O production (Akiyama et al. 2004). Organic fertilizers supply not only 
N but also organic C, which can stimulate heterotrophic microbial activity in the soil 
(Velthof et al. 2002). In addition, the application of organic matter can enhance 
denitrification activity by providing C in the soil (Kamewada 2007). Denitrifying 
organisms may use this C as electron donors (Aulakh et al. 1992). In the present study, 
the availability of C along with N in the DL may have contributed to the increased N2O 
evolution in the initial stage of the experiment. The C/N ratio in the DL was low in the 
present study and it can be compared to thin stillage slurry (TS) which has also a low 
C/N ratio. Alotaibi and Schoenau (2013) observed a decline in the N2O emission in TS 
treated soil towards the end of the experiment due to depletion of C and N. A similar 
phenomenon might have occurred in the present study since an equal or lower N2O 
evolution occurred in the later stages in the DL applied soils compared to the CF applied 
soils. On the other hand, the presence of smaller fraction of C may not be enough to 
bring any significant changes in CO2 emission but only increased SOC content in the 
aerobic soil conditions.  
 The application of biochar increased plant biomass in paddy vegetation; while 
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it increased or decreased the plant biomass and crop yield in komatsuna vegetation 
depending on the concentration. The application of DL increased plant biomass and 
crop yield in komatsuna vegetation; while it increased or decreased plant biomass in 
paddy depending on the way of the application. The application of DL as single dose in 
the form of incorporation into the soil increased plant biomass and the application in 
split doses decreased the plant biomass. It has been observed that the organic fertilizers 
can increase N uptake better than the inorganic fertilizers (Ebid et al. 2008), and thus 
also crop yield (Singla et al. 2013). These can enhance nutrient availability due to the 
presence of C. These can also increase soil fertility by stimulation of soil 
microorganisms that consequently lead to increase the nutrients recycling (Chan et al. 
2007). Biochar has been reported to improve crop yield. Its effect is found to be more 
significant for soils with low fertility and/or with low pH value, because of their lower 
nutrient retention capacity (Lehmann, 2007). The addition of DL, like other organic 
materials can enhance nutrient availability depending on the soil types (Antil et al. 2009, 
2011). Walsh et al. (2012) reported a significant increase in the grass and grass/clover 
mix plant yield with the application of a similar kind of digested liquid. They also 
reported no adverse effect on the bacterial and fungal community in comparison with 
mineral fertilizers. According to Asai et al. (2009) biochar can improve the physical and 
biochemical properties of the soil. However, the impact of biochar may also depend on 
the soil conditions, crop type and climatic conditions (Haefele et al. 2011). In addition, 
activities of certain enzymes e.g. alkaline phosphatase, aminopeptidase and 
N-acetylglucosaminidase have been reported to increase after the application of organic 
amendements (Bailey et al. 2010). The reason of decreasing crop yield in higher 
concentration of biochar in komatsuna vegetation could be due to the increase in 
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nitrification rate which also increased N2O emission and probably caused the loss of 
N-nutrient in the form of N2O. The reason for decreased plant biomass after split 
application of DL could be due to N loss in the form of ammonia volatilization under 
surface application in paddy. The increase in plant biomass in paddy could be another 
possibility for high CH4 emission by following biochar application or single application 
of DL. Watanabe et al. (1999) have already demonstrated that in rice paddies, C 
supplied from rice plants as exudates and sloughed off could also be a good source of 
CH4. Initially, C could assimilate into the rice plant and then as substrate to the 
microbes when sloughed off. Hence, the increase in plant biomass could also contribute 
to the increase in CH4 emission in paddy. It has also been demonstrated that the 
existence of NH4
+ 
can stimulate CH4 emission from rice paddy fields due to competition 
of NH4
+ 
for the oxidation with CH4 by methanotrophs (Mosier et al. 1991). It is also 
demonstrated that N is the most common factor limiting plant growth in farming 
systems (Moller and Stinner 2009). Thus, the loss of N in the form of ammonia 
volatilization under split application of DL decreased plant biomass as well as CH4 
emission in the paddy. The cumulative CH4 emission g
-1
 yield under paddy vegetation 
was significantly increased only in higher concentration of biochar treatment otherwise 
it was not different for other treatments. It indicated that the effect of treatments on 
increasing/decreasing CH4 emission was more dependent on plant biomass rather than 
other factors except for higher concentration of biochar. The increase of yield in 
komatsuna or paddy by the application of DL compared to CF could also be due to the 
presence of micronutrients in DL itself. In komatsuna vegetation, the application of 
medium or high concentration of biochar along with DL decreased crop yield compared 
to BL or DL treatment but yield from BM or BH treatments was comparable to 
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chemical fertilizer.    
 From the cost point of view, DL and biochar could be good alternate to 
chemical fertilizer. The selling price of ammonium sulfate is about 1,200 yen/20 kg. 
Ammonium sulfate contains 21% N. So, 20 kg of ammonium sulfate contains 4.2 kg N. 
It means 1 kg N values 286 yen. National institute for rural engineering (NIRE) did a 
trial calculation for the selling price of digested slurry. They concluded that digested 
slurry should be sold at 1,000 yen t
-1
. Usually, 1 t of digested slurry contains 3.4 kg N. 
So, 1 kg N values about 294 yen. It means N applied by digested slurry costs almost 
same as N applied by chemical fertilizer. In the same way, the selling price of super 
phosphate is 1,500 yen/20 kg. Super phosphate contains 17.5% of soluble phosphate. So, 
20 kg of super phosphate contains 3.5 kg P2O5. It means 1 kg P2O5 values 429 yen. 
NIRE did a trial calculation for the selling price of the biochar prepared from cow 
manure. They recommended that it should be sold at 10,000 yen t
-1
. One ton of biochar 
contains 94 kg citric soluble P2O5. So, 1 kg P2O5 values 106 yen. Phosphate application 
by biochar costs around one fourth compared to chemical fertilizer and it will also work 
as a source of C in the applied soil. In our study also, the raw material for biochar 
preparation is cow manure and vegetable residues. So, the cost production as well as the 
selling price is expected to be the same with NIRE calculated biochar.  
7.2  Conclusions 
 From the above research it could be concluded that the effects of biochar and 
DL could vary with fertilizer and irrigation management. The application of biochar 
increased CH4 emission, SOC, MBC, STN and plant biomass in paddy. It also provided 
more reducible conditions in soils which caused decrease in N2O emission. The increase 
in plant biomass was also one of the probable reasons for enhancing CH4 emission in 
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paddy vegetation. The application of DL was found to be dependent on the method of 
its application. The single application as basal dose increased CH4 emission and plant 
biomass in the paddy; while it was opposite in split dose application. No treatment 
caused any changes in the methanogenic archaeal community of the soil.  
 The application of biochar increased CO2 and N2O emission, and SOC contents 
of komatsuna vegetated soils. It might have increased nitrification rate under aerobic 
soil conditions which caused decrease in NH4
+
-N contents and increased NO3
–
-N 
contents, thus enhancing N2O emission. Thus, biochar could behave differently 
depending on the soil conditions. The crop yield was found to be dependent on its 
concentration. The application of DL increased crop yield in komatsuna vegetation 
compared to chemical fertilizer. It also increased SOC contents of the applied soils 
without affecting N2O emission and the soil mineral-N contents. 
 From the above research, it could be recommended that biochar and digested 
liquid could be a replacement of chemical fertilizers in the fields (Fig. 7.1). By 
considering positive and negative impacts, biochar at medium concentration (C content 
of biochar: N content of N-fertilizer, C:N, 3.0) is found to be suitable as it helped in 
increase in plant biomass along with the increase in the soil microbial and chemical 
contents. The application method of digested liquid still need further investigations as it 
could be a good replacement in vegetable production where single or basal application 
is possible before each vegetation. The surface application which is mainly required in 
paddy may cause a loss in N content. The application of both in other soil types, other 
crops and comparison of biochar with other C sources like straw could give a clearer 
idea for fertilizer applicability of both organic amendments for the field application in 
various crops.    
  
115 
 The results of the present study could be interesting for the countries like India 
which is ranked 2
nd
 in the world for the no. of biogas plants. Moreover, biogas plants are 
expected to increase due to the increase in biofuels production demand. A lot of digested 
slurry would be available in the future which could be utilized in the similar way as 
done in this study. India is also 2
nd
 largest agricultural country and having the largest 
cultivation area for agricultural production. This could also provide enough agricultural 
residues which could be utilized for biofuels production including bioethanol, biogas, 
biodiesel or other advance biofuels. Organic amendments like biofuel byproducts would 
also be helpful to maintain the soil health to maximize the agricultural production. 
 From the future research point of view, long-term implications of such 
byproducts are necessary to understand so that it will enable us to compare them with 
chemical fertilizers. The application of such byproducts in various soil types and 
different crops is also necessary to understand. The effects of such byproducts on 
microbial activities such as methanogenic, methanotrophic, nitrification, ammonium 
oxidation, denitrification activities could be interesting to study. Any changes in 
microbial communities or changes in soil physical properties could also be expected 
under long-term trials. The long-term application will also be helpful to understand their 
effects on the soil C sequestration. In another studies, biochar was used as P source in 
komatsuna vegetated Andosol soil. It had same or more P fertilizer effects than chemical 
P fertilizers including super phosphate, multi phosphate and fused magnesium 
phosphate. Digested liquid showed similar N effects with chemical N fertilizer in 
tomato planted Andosol soil (Mr. Hirokuni Iwasa; unpublished data, personal 
communication).  
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Fig. 7.1 The overall conclusion from biogas and byproducts formation  
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Table 7.1 Effects of digested liquid and biochar application on various parameters 
under laboratory incubation, paddy and komatsuna vegetation 
 
Parameters 
Waterlogged 
incubation 
Aerobic  
incubation 
Paddy  
vegetation 
Komatsuna 
vegetation 
DL Biochar DL Biochar DL Biochar DL Biochar 
Carbon dioxide 
(CO2) 
100: ↓  
200: ↓ 
100: ↑ 
200: ↑ 
100:↔ 
200:↔ 
100: ↑ 
200: ↑ 
 
N.A. 
 
N.A. 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
Methane  
(CH4) 
100: ↓  
200: ↓ 
100: ↑ 
200: ↑ 
100:↔ 
200:↔ 
100:↔ 
200:↔ 
Basal:↑ 
Split: ↓ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
 
N.A. 
 
N.A. 
Nitrous oxide 
(N2O) 
100: ↑ 
200: ↑ 
100:↔ 
200:↔ 
100: ↑ 
200: ↑ 
100:↔  
200: ↑ 
 
↓ 
 
↓ 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
Ammonium- 
nitrogen 
(NH4
+
-N) 
100: ↑ 
200: ↑ 
100: ↑ 
200: ↑ 
 
N.D. 
 
N.D. 
 
↓ 
BL: ↔ 
BM: ↔ 
BH: ↔   
 
↔ 
BL: ↓ 
BM: ↓ 
BH: ↓ 
Nitrate- 
nitrogen 
(NO3
-
-N) 
100:↔ 
200:↔ 
100:↔ 
200:↔ 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↓ 
BM: ↓ 
BH: ↓ 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
 
Soil Eh 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↓ 
BM: ↓ 
BH: ↓ 
 
N.D. 
 
N.D. 
Soluble organic 
carbon (SOC) 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
 
↑ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
Microbial 
biomass carbon 
(MBC) 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
 
N.D. 
 
N.D. 
Soluble total 
nitrogen (STN) 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↓ 
BL: ↔ 
BM: ↔ 
BH: ↑  
 
N.D. 
 
N.D. 
Microbial 
biomass 
nitrogen (MBN) 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↔ 
BM: ↔ 
BH: ↔   
 
N.D. 
 
N.D. 
Permanganate 
oxidizable 
carbon (POXC) 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
↔ 
BL: ↑ 
BM: ↑ 
BH: ↑ 
 
N.D. 
 
N.D. 
Plant Biomass/ 
yield 
 
N.A. 
 
N.A. 
 
N.A. 
 
N.A. 
Basal:↑ 
Split: ↓ 
BL: ↔ 
BM: ↑ 
BH: ↑ 
 
↑ 
BL: ↑ 
BM: ↔ 
BH: ↔ 
Cumulative CH4 
evolution g
-1
 
yield 
 
N.A. 
 
N.A. 
 
N.A. 
 
N.A. 
 
↔ 
BL: ↔ 
BM: ↔  
BH: ↑ 
 
N.A. 
 
N.A. 
Methanogenic 
archeal 
community 
 
N.D. 
 
N.D. 
 
N.A. 
 
N.A. 
 
↔ 
BL: ↔ 
BM: ↔ 
BH: ↔   
 
N.A. 
 
N.A. 
N agronomic 
efficiency 
N.A. N.A. N.A. N.A. N.A. N.A. ↑ N.A. 
↑: increased; ↓: decreased; ↔: no change; DL: digested liquid; 100, 200: 100 or 200 µg N or P g-1 dry 
soil; N.A.: not applicable; N.D.: not detected; BL: biochar low; BM: biochar medium; BH: biochar high 
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Appendix 
 
 Rice is one of the most important anthropogenic sources responsible for CH4 
emission. We observed that different types of amendments can influence CH4 emission 
under paddy vegetation. However, our study was focused on one type of the soil. 
Keeping this point in view, five different soil orders (Alfisol, Entisol, Inceptisol, Podzol 
and Vertisol) were studied to assess their CH4 production potential and also the 
methanogenic archaeal community structure in dryland irrigated Indian paddy soils. It is 
known that the soil characteristics regulate various belowground microbial processes 
including methanogenesis and consequently affect the structure and function of 
methanogenic archaeal communities due to change in soil type which in turn influences 
the CH4 production potential of soils. Soil incubation experiments revealed CH4 
production to range from 178.4 to 431.2 µg CH4 g
-1
dws in all soil orders as: 
Vertisol<Inceptisol<Entisol<Podzol<Alfisol. The numbers of methanogens as quantified 
using real-time qPCR targeting mcrA genes varied between 0.06 and 72.97 (×10
6
 copies 
g
-1
dws), and were the highest in Vertisol soil and the least in Alfisol soil. PCR-DGGE 
based approach targeting 16S rRNA genes revealed diverse methanogenic archaeal 
communities across all soils.  A total of 43 DGGE bands sequenced, showed the 
closely related groups to Methanomicrobiaceae, Methanobacteriaceae, Methanocellales, 
Methanosarcinaceae, Methanosaetaceae and Crenarchaeota. The composition of 
methanogenic groups differed among all soils and only the Methanocellales group was 
common and dominant in all types of soils. The highest diversity of methanogens was 
found in Inceptisol and Vertisol soils. Methane  production potential varied significantly 
in different soil orders with a positive relationship (p<0.05) with methanogens 
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population size, permanganate oxidizable C (POXC) and CO2 production (Dubey et al. 
2014). 
 In another study, the effects of slag-type fertilizer on N2O and CH4 emission 
were studied. Slag-type fertilizer is a byproduct of the steel industry, contains high 
amount of active iron oxide and silica. This byproduct acts as an oxidizing agent in the 
agricultural soils and may have positive impact on the soil properties and plant growth. 
It can suppress CH4 emission; while may also affect N2O emission. A pot experiment 
with komatsuna and a microcosm experiment with rice were conducted to determine the 
effect of slag-type fertilizers (Agripower and Minekaru) on N2O and CH4 flux, 
respectively. The application rate of silica was kept similar for both fertilizers which 
caused four times higher iron application in Minekaru treatment compared to Agripower 
treatment. The observation results revealed that Agripower and Minekaru treatment 
emitted more N2O only in the initial stage of the experiment compared to the control 
soil. The cumulative N2O emission over 59 days of the experiment was not significantly 
different between the various treatments. Minekaru treated soil significantly decreased 
seasonal and cumulative CH4 flux over 112 days of the experiment compared to 
Agripower and control soil; while Agripower did not affect compared to the control. It 
was possibly due to higher iron application in Minekaru treatment than Agripower 
treatment. The application of Agripower and Minekaru increased shoot weight, panicle 
numbers and weight of panicles in paddy. This study suggests that the application of 
slag-type fertilizers neither affect cumulative N2O emission nor plant biomass in 
komatsuna. The application of Minekaru significantly decreased CH4 evolution; while 
Agripower and Minekaru increased plant biomass in paddy vegetated soil (Singla and 
Inubushi 2014c).  
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